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ANALYSIS OF FLIGHT DATA ON BOUNDARY LAYER 


TRANSITION AT HIGH ANGLES-OF-ATTACK 

By Wayne W. Haigh, Bruce M. Lake and Denny R. S. Ko 

TRW Systems Group 

I. INTRODUCTION 

The effect of vehicle angle-of-attack on boundary layer transition has 
received considerable attention in recent years. Particular interest is 
now focused on the space shuttle program in which angles-of-attack as 
high as 60 degrees are envisioned for the vehicle reentry attitude. Aero- 
dynamic heating considerations, which are directly affected by the altitude 
at which the boundary layer becomes turbulent, are of major importance in 
the design of these shuttle vehicles. As a result, boundary layer transition 
criteria which must be developed for this application will play an important 
role in determining the requirements and the type of heatshield materials 
(either heat sink or ablative). 

In spite of the effort expended to date on this phenomenon, the laminar 
boundary layer transition process has defied the development of a 
successful theoretical analysis. Consequently, the bulk of the knowledge 
accumulated on boundary layer transition has relied almost entirely on 
experimental data. Unfortunately, the majority of these data are not 
directly applicable to the design of space shuttle vehicles because of 
inadequate simulation of vehicle attitude and flight conditions. 

Boundary layer transition data which are applicable to this problem were 
recently obtained from onboard instruments during the flights of two similar 
reentry vehicles. One vehicle entered the atmosphere at a small angle-of- 
attack, while the other entered at high angle-of-attack. The analysis 
of acoustic sensor, electrostatic probe, and base pressure data from these 
two flights forms the primary basis for the present study. The first 
phase of this study, performed in the period from June 1970 to November 
1970, was based on the analysis of acoustic sensor and base pressure data. 

The study program was then extended to include the analysis of electrostatic 
probe data and the presentation of thermocouple data. This second phase 
of the study was performed during the period from November 1970 to 
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February 1971. 

Several aspects of the flight test program from which these data were 
obtained are classified. Consequently, a number of the references and 
some other information which is necessary for the documentation of this 
study are*' contai ned in Reference 3, a classified addendum to this report. 
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II. REENTRY VEHICLES AND FLIGHT CONDITIONS 

The boundary layer transition data which formed the basis for this study 
were obtained from onboard instruments during the flights of two similar 
reentry vehicles. 

2.1 REENTRY VEHICLES 

The reentry vehicles were both slender conical nonablating vehicles which 
had 0.1 -inch radius graphite nose tips and 4-inch radius base shoulders. 
Special precautions were taken prior to each flight to ensure a clean and 
smooth vehicle surface. Flight 1 entered the atmpsphere at a high angle-of- 
attack, while Flight 2 entered at a low angle-of-attack flight. A 
detailed description of these reentry vehicles, the launch system, and the 
performance of the vehicles is contained in References 1 and 2 for Flights 
1 and 2, respectively. 

Preflight predictions of nose shape change during reentry indicated that 
the vehicle nose radius would blunt from 0.1-inch to about 0.2-inch at an 
altitude of 30.5 km (100 kf t) . Additional information on both these 
predictions and the effects of nose bluntness on boundary layer transition 
are included in Reference 2. 

2.2 VEHICLE FLIGHT CONDITIONS 

The major part of this study was based on an analysis of the test data 
from Flight 1, while the data from Flight 2 were analyzed to provide a 
baseline for interpretation of the high angle-of-attack transition data. 

In addition to the boundary layer transition data from these nonablating 
heatshield vehicles, boundary layer transition altitudes are presented for 
Flight 3, a low angle-of-attack flight with an ablating heatshield. 

The trajectories of the two nonablating reentry vehicles were very similar 
as shown by their velocity/altitude characteristics in Figure 1 of the 
addendum. Flight 1 vehicle velocity and altitude as a function of 
time after liftoff (TALO) are presented in Figure 2 of this addendum. 
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Flight 1 entered the atmosphere at a large angle-of-attack. The aerodynamic 
forces reduced the vehicle total angle-of-attack from 36 degrees at 61 km 
(200 kft) to about 9 degrees at 30.5 km (100 kft). The vehicle total 
angle-of-attack was as large as 67 degrees at an altitude of about 80 km 
(TAL0 of 1627.4 seconds) as shown in Figure 1. A polar angle-of-attack 
history (pitch angle-of-attack versus yaw angle-of-attack) is given in 
Figures 2a and 2b. This vehicle had a near constant roll rate of about 
15 rpm during reentry as shown by the roll angle history in Figure 3. The 
vehicle attitude angles are defined in Figure 4. 

Flight 2, the other flight with a nonablating vehicle, entered the atmosphere 
at an angle-of-attack of less than 1 degree. As a result, the boundary 
layer transition data from this flight were analyzed assuming that the 
vehicle was at zero angle-of-attack. 
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III. DESCRIPTION OF SENSORS 


The boundary layer transition data which forms the primary basis for this 
study were obtained from acoustic sensors and electrostatic probes flush- 
mounted on the vehicle conical surface and pressure sensors mounted on the 
vehicle base. A description of the acoustic sensors, including the sensor 
locations and information on the calibration procedures, are presented 
below in Section 3.1 while equivalent descriptions of the base pressure 
sensors, electrostatic probes and thermocouple installations are presented 
in Sections 3.2, 3.3 and 3.4, respectively. 

3.1 ACOUSTIC SENSORS 

3.1.1 Acoustic Sensor Design 

The purpose of the acoustic sensors was to provide a direct and accurate 
measurement of the boundary layer transition altitude and to monitor 
the sound pressure level during boundary layer transition to turbulence. 

In general, the use of an acoustic sensor for detecting transition has 
certain advantages over other well known methods. The sound pressure level 
in the boundary layer shows directly whether the boundary layer is laminar 
or turbulent. Also the measurement is local, i.e., the signal originates 
from a small region in the neighborhood of the sensing element. Further- 
more, the instrument response is rapid, essentially the same as the frequency 
response of the transducer (typically, up to 200 kHz). 

The sensor system was designed to minimize the signal losses and phase 
lags between the sensor and the boundary layer wall pressure fluctuations, 
while protecting the sensor itself from excessive heating and contamination. 

A heatshield coupled sensor system with the transducer located below a 
vibrating element comprised of heatshield material was found to provide 
the best acoustic sensor design. Additional background information on 
acoustic sensors and the rationale for selecting a heatshield coupled 
system instead of a heatshield cavity sensor is contained in Reference 4. 

The design constaints required the sensors to be capable of monitoring 
a root-mean-square pressure fluctuation (more commonly termed sound pressure 
level - SPL) of at least 120 db referenced to 0.0002 dynes/cm^, in a 
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frequency spectrum between 10 and 200 kHz. 

For Flights 1 and 2 the entire acoustic transmission line was made of 
beryllium because its acoustic impedance was almost equal to that of the 
lead-zirconate-titanate piezoelectric transducer. The acoustic line was 
supported by a series of springs and was provided with a series of plate 
radiators, as shown in Figure 5, to dissipate the heat generated at the 
sensing tip by aerodynamic heating. 

The tip of the sensing element was made of Teflon for the Flight 3 acoustic 
sensors. It was coupled to a magnesium impedance-matching line whose 
acoustic impedance was between that of Teflon and the piezoelectric trans- 
ducer. The transmission line was horn-shaped to further improve the 
acoustic match. The piezoelectric element was back-loaded with a stainless 
steel plate whose mass was such that it did not resonate in the 10 to 200 
kHz frequency band. 

A surrounding plug housed the tip of the acoustic line on the vehicle 
and was therefore made of the same material as the vehicle heatshield. 
Isolation of the acoustic line from local heatshield vibrations was 
accomplished by allowing a radial clearance between the plug and the line. 
This allowed the exposed tip of the acoustic line to be the pickup area 
of the sensor. For all practical purposes, the transducer was sensitive 
only to frequencies in the 10 kHz to 200 kHz band and only to those 
signals that originated in a small region of the boundary layer in the 
neighborhood of the sensing tip. 

The transducer assembly was a sealed, self-contained package, as shown in 
Figure 6, that was completely checked out and calibrated in the laboratory. 

3.1.2 Acoustic Sensor Electronics 

The acoustic sensor system converts the detected acoustic energy into an 
equivalent electrical energy which was then transmitted to the ground via 
a data link. The sensor was connected through a coaxial cable to a remote 
amplifier. The functions of the amplifier were to amplify, rectify, and 
average the signal. The amount of signal amplification was determined by 
the estimated magnitude of the sound pressure level to be measured. The 
frequency response characteristics of the amplifier were tailored to the 
sensor response characteristics. 
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Each sensor-amplifier channel contained a rectifier and filter to produce 
an averaged signal proportional to the sound pressure level detected in the 
190 kHz bandwidth of the system. The output of the amplifier and filter 
system was zero for no signal, and the nominal full-scale signal value was 
+5 volts dc. The system calibration of a channel gave, as a function of 
frequency, this dc output voltage for a specified input sound pressure 
level at the surface of the vehicle. By use of the calibration as a 
function of frequency, the integrated system calibration could be determined 
for a random input having either an assumed flat spectrum or any other 
known spectrum. 

3.1.3 Acoustic Sensor Testing and Calibration Procedures 

Each sensor was subjected to a rigorous schedule of calibration and 
environmental tests. The calibration tests were performed first according 
to a schedule specified in Reference 5. A sequence of environmental tests 
(see References 6 and 7 for details) were then performed and were followed 
by a complete recheck of transducer calibration. Random vibration tests 
conducted on the acoustic sensors are described in Reference 8. 

Sensor preflight calibration was carried out in three separate stages: 

t Sensitivity of the sensor to acoustic stimulation was determined. 

t Voltage gain at the amplifier was determined as a function of 
frequency over the frequency range of 10 kHz to 200 kHz. 

0 Calibrations were combined to provide an overall system calibration. 

The transducers were calibrated in a small anechoic chamber equipped with 
loudspeakers that could generate sound pressure levels in excess of 120 db 
in the frequency band of 10 to 200 kHz. The standard of comparison was 
a calibrated BK-4135 capacitor microphone. The microphone housing was 
mechanically interchangeable with the flight transducer assembly, fitting 
into a plate made of the same material as the heatshield. 

The output of the calibrated reference microphone was measured both before 
and after the transducer calibration measurement; before and after micro- 
phone readings had to agree to within 1.5 db for the calibration to be 
considered valid. The frequency response of the transducer was measured 
in the 10 kHz to 200 kHz band at a constant voltage input to the acoustic 
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driver corresponding to a sound pressure level of 120 db. The data was 
broken down into 19 bands of 10 kHz bandwidth, and the average sound 
pressure response in each band was determined by graphically integrating 
the data in the band. The resulting nineteen calibration points were then 
corrected for the response of the acoustic chamber and the calibration 
microphone to obtain the corrected transducer calibration. 

The calibration of the acoustic sensor system was obtained by combining 
the corrected transducer calibration with the frequency response of the 
amplifier associated with the transducer. The overall full-scale transducer 
calibration was then obtained by combining the nineteen segments of data 
to determine the overall sound pressure level produced by a signal in the 
10 to 200 kHz range. 

A final response check was made on each acoustic sensor following 
installation in the flight vehicle. The check was based on recording the 
response of the transducers to stimulation by a piezoelectric driver disk 
bonded to the front face of the sensor. Although essentially qualitative 
in nature, this check indicated that all sensors on Flights 1,2, and 3 
were functioning properly following installation in the vehicles. 

3.1.4 Acoustic Sensor Characteristics 

Nominal specifications for the acoustic sensors on Flights 1 and 2 are 
presented in Table I. The maximum output levels or saturation levels vary 
between 145 and 160 db depending on the amplifier gain setting. Full-scale 
outputs for each sensor are given in Table II. 

3.1.5 Acoustic Sensor Locations 

The locations of the three acoustic sensors on Flight 2 were identical 
to those on Flight 1. Two of the three sensors were mounted on the conical 
surface of the reentry vehicle at station 166 which is near the base of the 
vehicle, while the third was mounted near the midpoint at station 88. One 
of the base sensors and the midcone sensor w as mounted approximately along 
a single ray while the two base sensors were diametrically opposed. Exact 
sensor locations are given in Table II; the locations of the sensors are 
also shown in Figure 7. 
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3.2 BASE PRESSURE GAUGE 


3.2.1 Pressure Gauge Design 

The purpose of the pressure gauge was to measure the ambient pressure in 
the recirculation region of the reentry vehicle for a range of altitude 
during reentry from 65.5 km (215 kft) to 30.5 km (100 kft) . The pressure 
gauge incorporated a dual range capability (0.01 psia and 0.05 psia full 
scale) through the use of two amplifiers. The pressure capsule consisted 
of a thin .stressed titanium diaphragm welded between two titanium alloy 
rings. On either side of the diaphragm was a quartz disk prepared with a 
concave surface. The concave surfaces were coated with a thin, evaporated 
coating of aluminum. Each aluminum surface formed a capacitor with the 
titanium diaphragm. When a pressure difference existed across the membrane, 
it bowed in the direction of the pressure gradient, increasing one 
capacitance and decreasing the other. 

Integration of the gauge in the instrumentation package was accomplished 
without attachment of the unit to the aft cover. A short 1-inch length 
of stainless steel bellows with an inside diameter of 0.085 inch was used 
as the pressure inlet line. The bellows assembly was spring loaded against 
the vehicle aft cover in order to maintain the sensing aperture flush with 
the outside surface. To eliminate g-loading effects on the thin diaphragm 
of the gauge, the transducer was mounted so that the plane of the diaphragm 
was parallel to the longitudinal axis of the reentry vehicle. 

3.2.2 Pressure Gauge Electronics 

A transducer bridge was used to convert the capacitance difference 
(C-j-Cg) into an analog dc voltage proportional to the pressure. One 
amplifier provided a 5-vdc output at 0.01 psia and the other established a 
5-vdc output for the 0.05 psia range. A block diagram of the pressure 
gauge is shown in Figure 8. 

3.2.3 Pressure Gauge Location 

The high altitude base pressure gauges were located at a radial position 
about 0.54 of a base radius from the vehicle centerlines. The exact 
locations of the pressure gauges on the vehicle bases for Flights 1 and 2 
are presented in Table III. 
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3.3 ELECTROSTATIC PROBES 


3.3.1 Electrostatic Probe Design 

3. 3. 1.1 Basic Measurement 

The electrostatic probes were designed primarily to obtain estimates of 
boundary layer charged particle number densities. Each electrostatic 
probe consisted of a ramp biased collector electrode and a return 
electrode grounded to the vehicle structure. The probe current-voltage 
characteristics (the variations of collected currents with changes in 
probe collector bias potential) provide a measure of the surface gradients 
of the boundary layer charged species concentrations. These measured 
probe characteristics, combined with an analysis of the boundary layer 
flow over a probe surface, can therefore be used to estimate the charged 
particle number densities and fluxes in a hypersonic boundary layer. A 
typical current-voltage characteristic, such as that shown in Figure 9, 
shows little variation of the collected current with increased probe bias 
potential at large bias potentials. The current levels measured when this 
occurs are referred to as saturation currents. The positive probe satura- 
tion currents are directly related to the surface gradients of the boundary 
layer charged species concentrations, as shown below: 

. _ 2e p 6 V 6 Z r 
J+ sat / 2 \ 1/2 \ Van / 

(l Re j m+Sc 

where 

C + = positive ion mass fraction 
D = diffusion coefficient 
e = electron charge 
j = current density 
m = mass of atomic or ionic species 
Re = Reynolds number = p VX/y 
Sc = Schmidt number = y/pD 

V = velocity component parallel to cone surface 
X = axial distance to probe station 
z = Chapman-Rubesin parameter (= py/p^y^) 
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n = boundary layer normal distance parameter^ 1.225 
u = viscosity 
p = density 
Supers cri pts 

* = normalized with respect to maximum value 
Subscripts 

m = at the probe sheath outer edge 
p = at the location of peak ion mass fraction 
sat = at saturation conditions 
6 = at the boundary layer outer edge 



Details concerning this application of the electrostatic probes flown on 
these vehicles can be found in References 9 through 12. 


In addition to providing a means of specification of boundary layer plasma 
charged particle number densities, it has been found that the probe data 
(individual current-voltage characteristics as well as saturation current 
density histories) can be used to investigate a variety of important 
phenomena, including boundary layer transition. 

3. 3. 1.2 Transition Detection 

The collected probe current is dependent upon ambi polar boundary layer 
properties, particularly gas densities, charged particle profile shapes, 
peak charged particle densities, and transport properties. With the onset 
of boundary layer transition these properties can be expected to fluctuate. 
Similar fluctuations can therefore be expected in the saturation currents 
collected by the probes (as can be seen from the above equation relating 
saturation currents to boundary layer properties). Fluctuations are 
evident in low altitude probe current-voltage characteristics (see Figure 
10). Correlation of the onset of such fluctuations in the electrostatic 
probe data with transition indications from other onboard sensors shows 
that the electrostatic probes are indeed responding to boundary layer 
transition (see Section 4.2.7). 


3. 3. 1.3 Probe Design 

t 

Figure 11 shows electrostatic probes of the type which were flush-mounted 
with the heatshields of Flight vehicles 1 and 2. Each probe was mounted 
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with its return electrode downstream of the collector electrode. The 
electrodes were made of tungsten with platinum plated outer surfaces. The 
purpose of the plating was to prevent oxidation of the tungsten surface 
and to reduce the electron emission from the probe by increasing the 
surface work function. Beryllium oxide was used as the probe insulator 
material because, although quite brittle, it maintains high electrical 
resistivity at high temperatures. To minimize thermal stresses and 
facilitate machining of the material, each probe insulator was actually 
a matrix of individual beryllium oxide slabs. Probes of this design, 
flush-mounted and made of these materials, could withstand the moderate 
heating rates which exist in thin hypersonic boundary layers prior to 
transition. After transition, the sharply increased heating rates quickly 
caused physical deterioration of the probes, although some valid data 
was obtained between transition and probe failure. 

Two types of probes were flown on each flight vehicle. As shown in 
Figure 11, the two probe types differed only in collector electrode design. 
The collector and return electrodes of both types were rectangular and had 
a common dimension (0.50 inch) perpendicular to the flow direction. 

Collector electrodes of two sizes were used. The large electrodes (0.50 x 
0.50 inch) were designed to be sufficiently large that probe edge effects 
could be neglected, but may have been large enough to cause local depletion 
of the plasma. The small electrodes (0.50 x 0.06 inch, the same size as 
all return electrodes) were intended to be sufficiently small that plasma 
depletion effects could be neglected, although probe edge effects may have 
been important. Measurements made by these two probe types under equivalent 
flow conditions were used to estimate possible distortions of the probe 
currents by these effects. 

3.3.2 Electrostatic Probe Electronics 

All probes were biased by synchronized linear ramp functions which varied 
from -10 to +10 volts in 0.1 second. The bias potential for each probe 
was applied between the collector electrode and the return electrode, the 
latter being grounded to the internal structure and metallic surface of 
the vehicle (which acted as an additional return electrode). Currents 
collected on the probe collector electrodes were amplified by logarithmic 
amplifiers sensitive in the micro-amp range. The amplifier output 
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signals (0 to 5 volts dc) were sampled at rates of 1000 sps or 4000 sps 
and were transmitted to the ground via the telemetry link, providing a full 
current-voltage characteristic from each probe during every probe bias 
cycle. 

Automated computer processing was used for data reduction and display of 
the large amount of data received. Plots of single bias voltage sweeps 
(showing current density vs. applied potential as in Figures 9 and 10) 
and plots of saturation current density histories (showing saturation 
current density vs. altitude as in Figure 12) were obtained from the data 
tapes by the computer using preflight amplifier calibrations. For both 
Flight 1 and Flight 2, electrostatic probe data were received from above 
90 km to the altitude where physical failure of the probe circuits 
occurred. For each flight, the data-taking period lasted approximately 
thirty seconds so that approximately 300 sweeps (each a full current- 
voltage probe characteristic) of 0.1 seconds duration were obtained from 
each data channel. Eight probe data channels were used on each vehicle. 

3.3.3 Electrostatic Probe Calibration Procedures 

The electrostatic probe amplifiers were calibrated in the laboratory prior 
to flight by measuring the output voltages corresponding to selected input 
currents. These calibrations were checked during flight by periodically 
substituting resistors of known value for each probe. For each probe 
amplifier one calibration cycle, involving the substitution of five 
different resistors, was performed every sixteen seconds. The inflight 
calibration data were processed in the same way as the probe flight data, 
providing a check on the validity of the preflight amplifier calibrations. 

3.3.4 Electrostatic Probe Locations 

Eight electrostatic probes were located along the heatshield surface of 
each vehicle. The axial and azimuthal locations of the electrostatic 
probes on Flights 1 and 2 are given in Figures 13 and 14, respectively. 


Saturation current densities were defined as probe current densities 
measured at bias potentials five volts above and below the bias potential 
at zero current collection so that they could be evaluated automatically. 
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3.4 VEHICLE THERMOCOUPLES 
3.4.1, Thermocouple Installation 


The thermocouple installation details for the Flight 1 and 2 vehicles were 
identical to those shown in Figure 2 of Reference 13. The chrome! -alumel 
(Type K) thermocouples with grounded junctions were enclosed in 0.020-inch 
diameter stainless steel sheaths. A spring-loaded thermocouple and a small 
pure tin slug between the thermocouple junction and the bottom of the heat- 
shield cavity was used to provide a good thermal contact. The thermocouple 
cavity was O'. 023-inch diameter and resulted in a heatshield wall thickness 
of 0.005 ^*qqq inch at the thermocouple tip. 

The tin slug remained solid during exit and exoatmospheri c flight and 
melted during vehicle reentry when the heatshield temperature exceeded 
450° F. After the tin melted, the spring forced the thermocouple tip 
against the bottom of the cavity. The flight deceleration and centrifugal 
forces kept the liquid tin at the end of the cavity surrounding the sheath 
and maintained the desired wetted metallic contact. 

The tin slugs melted prior to boundary layer transition onset for the 
somewhat blunter conical vehicles described in Reference 13. However, as 
a result of lower aerodynamic heating rates, these tin slugs did not melt 
until after boundary layer transition onset for the slender vehicles in 
this study. 

3.4.2 Thermocouple Locations 

The eight thermocouples on the Flight 2 vehicle were located at four axial 
stations along two conical reys 90 degrees apart. The exact sensor 
locations on this vehicle are given in Table IV. 
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IV. FLIGHT TEST DATA 


The analysis of the vehicle dynamics data from Flight 1, the high angle- 
of-attack flight, is presented in Section 4.1, while boundary layer 
transition data for the vehicles at low and high angles-of-attack are 
presented in Sections 4.2 and 4.3, respectively. 

4.1 VEHICLE DYNAMICS ANALYSIS 

Vehicle pitch, yaw, and roll attitude angles as a function of time after 
liftoff were calculated from data provided by the onboard accelerometers 
and rate gyros. These vehicle attitude angles for Flight 1, the high 
angle-of-attack flight, are presented as a function of time after liftoff 
in Figures 2 and 3. As discussed earlier in Section 2.2 only the vehicle 
dynamics data from Flight 1 required analysis for interpretation of the 
acoustic sensor data. 

The equations used to calculate the vehicle axis angle-of-attack (total 
angle-of-attack), the location of each sensor with respect to the wind- 
ward meridian, and the local angle-of-attack history at each sensor are 
presented below. These parameters were calculated from the vehicle pitch, 
yaw, and roll attitude angles and the sensor azimuthal angle. The vehicle 
attitude angles are defined in Figure 4, while the azimuthal angle of the 
sensor, <i> s , is the sensor location in degrees measured clockwise from the 
vehicle -Z axis looking forward (see Figure 4). 

4.1.1 Total Angle-of-Attack 

The vehicle total angle-of-attack, ay, was calculated from the pitch and 
yaw angles-of-attack using the following equation: 

ay = tan"^ ^Vtan^a + tan^e ] (4.1). 
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4.1.2 Angle Between the Sensor and the Windward Meridian 

The sensor/windward angle or location of each sensor with respect to the 
windward meridian, ip (measured positive clockwise from sensor to the 
windward meridian looking forward) was calculated as shown below. Care 
had to be exercised to ensure that calculated sensor/windward angles were 
in the proper quadrants since use of trigonometric functions for angles 
through 360 degrees without quadrant checks would not yield a unique 
solution. Both the equations for determining the sensor/windward angle 
and the quadrant check requirements are presented in the following steps. 

1) Compute the angle using: 


4-' = tan 


-1 


cos 


[ tan g - 
tan a + 


- tan 4> r tan a"] 


tan <j> r tan g. 


(4.2) 


2) Calculate the angle 0 where: 


e = tan" 1 J if a >. 0 and g >. 0 

8 - 180” * tan' 1 [||S-|-] if « > 0 and e < 0 (4 3) 

or a < 0 and g < 0 

6 = 360° + tan' 1 ||§Jpf] if a < 0 and g > 0 

3) Determine angle y' using: 

Y 1 = 270° - 0 - + r (4.4) 
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4) Determine angle y where: 


Y = y' if 0 < y' < 360° 

Y = 360° + y‘ if y' < 0 

Y = y‘ - 360° if y’ > 360° 

5) Calculate angle <£ where: 

$ = <J>' ifO°<Y£90° or 270° < y < 360° 

<j> = 180° + if 90° < y 1 180° 

♦ - - 180° if 180° < y 1 270° 

6) Compute angle tJ> 1 using: 

V = <J» - 4> s - 180° 

7) Now the sensor/windward angle, is given by: 

* * *• if -180° < t p 1 < 180° 

* = ip‘ - 360° if > 180° 

****■ + 360° if < -180° 

4.1.3 Local Angle-of -Attack 

The local angle-of-attack, e L , at each sensor is now calculated 
total angle-of-attack and the sensor/windward angle by 

e L = sin -1 Fcos ay sin e c + cos e c sin ay cos ijil 


(4.5) 


(4.6) 


(4.7) 


(4.8) 


from the 
(4.9) 
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where e is the cone half-angle (e„ = 8 degrees for the vehicles 
c c 

considered in this study). 

4.1.4 Reduced Vehicle Dynamics Data 

Equations (4.1) through (4.9) were used to calculate local angle-of -attack 
and sensor/windward angle histories for the three acoustic sensors on 
Flight 1. Typical calculated local angles-of-attack and sensor angles 
relative to the windward meridian are presented in Figure T5. The 
irregular oscillatory nature of the local angle-of-attack is caused by 
the combined effects of the vehicle pitch, yaw, and roll motions. The 
sensor angle relative to the windward meridian is normalized between 
-180 degrees and +180 degrees. In Section 4.3 the local angles-of-attack 
are presented with the acoustic sensor data, and the. times are indicated 
when the sensors are on both the vehicle windward and leeward meridians. 

4.2 ZERO ANGLE-OF-ATTACK BOUNDARY LAYER TRANSITION DATA 

Boundary layer transition data from Flights 2 and 3 are presented and 
analyzed in this section. The acoustic sensor, base pressure and 
electrostatic probe data have been analyzed and the transition altitude 
results compared to those obtained from other onboard instruments. In 
addition, the acoustic sensor and electrostatic probe data from Flight 2 
have been correlated to provide an improved basis for interpretation of the 
high angle-of-attack data from these sensors. 

4.2.1 Zero Angle-of -Attack Acoustic Sensor Data 

The acoustic sensor data from Flight 2 were analyzed to provide a baseline 
for interpretation of the high angle-of-attack flight data. Computer 
processing was used to reduce the acoustic sensor data to sound pressure 
levels and to generate microfilm data plots with merged support data such 
as altitude and local angles-of-attack at the sensors. 

The rms sound pressure level (SPL) data from the three Flight 2 sensors 

are shown in Figures 16 through 18; the identification and location of 

the sensors are noted at the top of each figure. The left hand scale 

-4 2 

is the SPL in db referenced to 2 x 10 dynes/cm . The horizontal scale 
is vehicle altitude, extending from 30 to 50 km. Above the plot of acoustic 
sensor data is the vehicle centerline angle-of-attack history, (for 
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small angles-of-attack the local angle-of-attack of the sensor face, e^» 
is cty plus 8 degrees). 

The maximum SPL that can be plotted for any given sensor corresponds to 
the maximum sensor output (sensor saturation level) as specified in 
Table III. It can be seen from the figures that all three of the sensors 
reached saturation. 

The data from all three sensors are characterized by a sudden rise to a 
high plateau region, a sudden drop to a low level, and finally a gradual 
increase until the sensor reached saturation. The first period of high 
level data corresponds to a period during which a boundary layer injection 
experiment was conducted. The effect of this experiment was to "trip" 
the boundary layer for an altitude range from about 44 to 47 km. 
Consequently, the following discussion of the transition phenomena is 
restricted to the period where the injection experiment no longer affected 
the data. 

The altitude of transition onset established by the acoustic sensor data 
has been defined as the altitude where the SPL data rises suddenly above 
the 120 db level. This transition onset altitude is designated as h^ in 
the figures. 

Primarily as a result of the Channel 4 data in Figure 17, the following 
approach was adopted for selecting the altitude where the boundary layer 
at each sensor was defined as "fully turbulent". A straight line with a 
slope proportional to the variation in freestream pressure (equivalent 
to the variation in local cone pressure because of the near constant 
freestream Mach number) was matched to the SPL data just prior to sensor 
saturation. The intersection of the increasing SPL data with this line 
was selected as the fully turbulent altitude, ht£» as shown in Figures 16 
through 18. Additional justification for using this method was provided 
by Reference 14 in which acoustic sensor data for an ablating vehicle were 
analyzed. Reference 14 concluded that "the intensity of the boundary 
layer pressure fluctuations in the frequency range of the measurement 
(5 to 200 kHz) was proportional to the static pressure." 

The presentation and analysis of data from eight acoustic sensors is 
included in Reference 14 for an ablating vehicle and will not be repeated 
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in this report. These SPL data of Reference 14 were characterized by an 
almost instantaneous rise of an order of magnitude at the onset of 
transition. The phenomenon of boundary layer transition on the Flight 2 
vehicle considered in this study is by comparison much more gradual. This 
difference is, at least in part, attributed to the high blowing rates at 
transition onset associated with an ablating heatshield. 

The SPL data in Figures 16 through 18 show an error bar of ±2.5 db. Only 
errors incurred in the processing and handling of the data and the 
calibration of the sensor system are considered. The power spectrum of 
the surface pressure fluctuations is assumed to be flat, the finite size 
of the transducer is neglected, and the plane wave laboratory calibration 
is used directly. Questions regarding the precise meaning of the 
processing, the validity of the plane wave calibration, the effects of the 
finite size of the transducer, or effects of a nonflat spectrum are not 
considered in this error analysis. The errors are summarized in Table V. 

A more detailed error analysis is contained in Reference 15. 

4.2.2 Zero Angle-of -Attack Base Pressure Data 

Base pressure data normalized with the freestream pressure are presented 
in Figure 19 for similar vehicles with three different heatshield 
materials. The Flight 2 (nonablating heatshield) data are compared to both 
Flight 3 (ablating heatshield with strong blowing) data and data obtained 
from a vehicle with an ablating heatshield for which blowing was weak. 

A sharp change in base pressure is evident at the transition altitude 
because of a thickening of the shoulder boundary layer associated with 
changes in the boundary layer profiles. The increase in base pressure is 
more pronounced for the vehicle with the strongly blowing heatshield, again 
because of the greater ablation rate at boundary layer transition. The data 
from this vehicle indicate boundary layer transition at the vehicle base 
shoulder at an altitude of 38 km. The data for the nonablating and weakly 
ablating heatshields indicate a lower boundary layer transition altitude 
of 36 km ± 1 km. 

Transition altitudes established by base pressure measurements have a 
tendency to be low by comparison to those determined from other flight 
data because the base pressure responds to changes that occur in the 
boundary layer somewhat forward of the base. This is demonstrated in the 
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next section where the data from the different instruments are compared. 

The two primary causes of uncertainty in the base pressure measurements 
are the accuracy limits of the gauge calibration data and response time 
effects. Both of these sources of error have been examined in Reference 
16, and the results of this study are presented in Table VI. Because of 
low-range data limitations arising from the noted total errors, only data 
greater than 4 percent of full scale are presented in Figure 19. 

4.2.3 Zero Angle-of-Attack Electrostatic Probe Data 

Analysis of zero angle-of-attack flight data has shown that electrostatic 

probe measurements provide a useful indication of the onset of local 

boundary layer transition at probe locations along vehicle heatshield 

surfaces. Transition detection using the zero angle-of-attack Flight 2 

electrostatic probe data is presented in this report in order to provide 

* 

a baseline for interpretation of the high angle-of-attack flight data. 

The individual sweep plots and the saturation current density histories 
for each Flight 2 channel were examined with reference to all available 
preflight and inflight information relating to the operation of the probe 
systems, and all invalid data were identified. The primary considerations 
in this process were found to be leakage currents through the heated 
beryllium oxide insulators between electrodes, and the available range of 
the amplifiers (see Reference 11). Valid electrostatic probe data were 
obtained over an altitude range from approximately 70 km to 25 km. 

In general, the zero angle-of-attack data sweeps are smooth and well 
saturated as shown in Figure 9. The saturation current densities measured 
at any given probe location (an example is shown in Figure 12) increase 
continually from amplifier threshold levels at high altitudes to amplifier 
overflow levels at the lowest altitudes, the only exceptions being 
measurements made during two boundary layer injection experiments and 
calibration sweep periods. The saturation current density measurements 
have been used primarily in the calculation of boundary layer charged 
_ 

Transition detection using electrostatic probes mounted along the 
Flight 3 (strongly ablating) heatshield is discussed in Reference 14. 
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particle number densities (as in Reference 12 for Flight 2 data). 

Although the saturation current densities are subject to abrupt increases 
in magnitude and, to a lesser degree, to increases in scatter when local 
boundary layer transition occurs, the effects of transition on the 
electrostatic probe data can be most directly and accurately observed in 
the individual data sweeps. Only examples of such data are shown in this 
report (Figures 9 and 10). Complete sets of electrostatic probe data 
sweeps can be found in References 11 and 17. 

It has been found that fluctuations appear in the electrostatic probe 
sweep data which can be related to the onset of boundary layer transition 
at each probe station. This was not unexpected since the collected probe 
currents are dependent upon ambi polar boundary layer properties (see 
Section 3.3.1), which can be expected to fluctuate with the onset of 
boundary layer transition. Prior to the onset of such fluctuations, the 
measured probe currents do not contain fluctuations resolvable above the 
step size of the sampled data. An example of such measurements is shown 
in the sweep of Figure 9, where the only changes in measured currents 
are the continuous changes in level which are due to the ramp function 
variations in the applied probe potential. 

Specific transition onset altitudes have been obtained from the zero 

angle-of-attack electrostatic probe data by identifying the times at which 

fluctuations having amplitudes greater than plus or minus one pern step 
* 

size appear in the data. This criterion is not difficult to apply to 
the Flight 2 data. Those data indicate that such fluctuations do not 
occur in measurements made while the heatshield boundary layer over the 


* 

Currents collected by the probe collector electrodes are amplified by 
four-decade logarithmic amplifiers. The amplifier output signals (0 to 5 
volts dc) are sampled at rates of 1000 sps or 4000 sps and are transmitted 
to the ground via the telemetry link. The 0 to 5 volt signal range is 
resolved into 256 pem (pulse code modulated) steps. On the ground, currents 
(or current densities) are calculated from the received voltages using 
preflight amplifier calibrations. The currents are then plotted on a 
logarithmic scale versus applied probe potential and time to produce the 
probe "sweeps". On such a plot, one pem step size then corresponds to 
1 /I 28th of the full scale four decade range of either the positive or 
negative probe currents. 
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probe is laminar. Furthermore, when fluctuations do appear, the amplitudes 
tend to be considerably larger than plus or minus one pcm step size. The 
Flight 2 data show, however, that fluctuations do not necessarily appear 
continuously in all data measured by a given probe after the first onset 
of fluctuations at the probe station. For this reason, two types of 
regions of fluctuating data were identified for Flight 2: 

1) A range over which sweeps contain fluctuations in bursts of "short 

*■ 

(or order 1/10 sweep period, or .01 sec ) duration during 
measurement of data sweeps which are more than 50 percent composed 
of smooth laminar-type data having no fluctuations (see Figure 
20 ). 

2) A range over which sweeps contain continuously fluctuating data 
(with at most occasional periods of order 1/10 sweep period 
during which fluctuations are not measured, see Figures 10 and 21) 

The resultant zero angle-of-attack transition altitudes as determined from 
electrostatic probe data are shown in Figure 22. The application of 
this transition detection criterion to the high angle-of-attack Flight 1 
electrostatic probe data is discussed in Section 4.2.7. 

4.2.4 Zero Angle-of-Attack Thermocouple Data 

Temperature histories of the eight thermocouples on the Flight 2 vehicle 
are tabulated in Table AI of Appendix A. These data are presented as a 
function of time after liftoff, TAL0, at 0.1 second time increments. 
Trajectory support data including the time, altitude, vehicle centerline 
angle-of-attack, and freestream Mach number, velocity, density, 
temperature and pressure are presented in Tables I and II of the secret 
addendum to this report, Reference 3. The atmospheric parameters have 
been obtained as a function of altitude from the 15 degrees North annual 
atmosphere of Reference 18. 

It was beyond the scope of the present study to reduce these temperature/ 
time data to heat transfer rates and determine with the conventional 


The data sample rate is either 1000 sps or 4000 sps for these probes. 
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approach the onset of boundary layer transition and full turbulence. 

Instead, boundary layer transition altitudes were estimated for each 
thermocouple station by determining the altitude where the temperature/ 
time slope departed significantly from the preflight laminar prediction. 
These transition altitude estimates are discussed in Section 4.2.5 and 
compared in Figure 22 with results established by other onboard instruments. 

4.2.5 Comparison of Zero Angle-of-Attack Transition Data 

In order to broaden the data base for boundary layer transition onset on 
vehicles at zero angle-of-attack, data from other instruments onboard 
Flights 2 and 3 were studied. These instruments included heatshield 
thermocouples, base electrostatic probes, base thermocouples and 
radiometers. The Flight 2 data from the heatshield thermocouples are 
presented in Reference 2, while the Flight 2 data from the other 
instruments are presented and validated in Reference 11. 

Boundary layer transition altitudes based on these data are presented in 
Figure 22 as a function of vehicle axial station. Due to the larger 
number of instrument stations for the heatshield thermocouples and cone 
electrostatic probes, a mean curve was faired through the combined data 
from these instruments as shown in Figure 22. The transition altitudes 
established by the acoustic sensor data presented in Figures 16 through 18 
are also presented in Figure 22 for comparison. The altitudes for onset 
of boundary layer transition established by the acoustic sensor data are 
about 4 kilometers higher than those determined from the electrostatic 
probe and vehicle temperature data. This result is consistent with earlier 
studies conducted on a similar vehicle with an ablating heatshield which 
showed that measurement of the pressure fluctuations at the vehicle 
surface with acoustic sensors was the most direct means of detecting 
boundary layer transition and involved the shortest measurement time 
constant. 

As would be expected, the acoustic sensor "fully turbulent" altitudes are 
below the transition onset curve established by the other data, with the 
exception of the data point from the Channel 5 sensor. Considering the 
low saturation level for this channel (see Table II) and the trend of the 
sound pressure level data in Figure 18, it is likely that the sensor 


- 24 - 



saturation occurred prior to the boundary layer becoming fully turbulent 
at this station. As a result, this data point should be considered less 
credible than the others. 

The altitude for boundary layer transition at the vehicle base station 
established by the base pressure data is significantly lower than those 
determined from the other data. 

Transition altitudes as a function of vehicle station are presented in 
Figure 23 for the Flight 3 ablating vehicle. These altitudes are based upon 
acoustic sensor and base pressure data from Reference 14 and thermocouple 
and calorimeter data from Reference 19. Because of the good agreement 
between the acoustic sensor and thermocouple data, a solid curve was 
faired through these data. Again the base pressure transition altitude 
is about 1 km low, while the data points based on the calorimeter data 
are about 5 km low because of a large thermal lag (see Reference 19). For 
comparison purposes the curve faired through the Flight 2 electrostatic 
probe and thermocouple data from Figure 22 is shown in Figure 23 as a 
dashed line. As would be expected, the effects of mass addition to the 
boundary layer for Flight 3 caused boundary layer transition to occur at 
higher altitudes than for the nonablating vehicle. This increase in 
transition altitude ranged from slightly over 1 kilometer at the aft 
vehicle station to about 5 kilometers at a station at 20 percent of the 
vehicle length. 

4.2.6 Correlation of Flight 2 Acoustic Sensor Data 

The acoustic sensor data to this point have been presented and discussed 
in terms of sound pressure level (SPL). This representation was sufficient 
for a vehicle which entered the atmosphere near zero angle-of-attack. 
However, to provide a basis for interpretation of the high angle-of-attack 
data (Flight 1) it was necessary to relate the rms pressure fluctuation 
levels to a meaningful local flow condition or parameter at the sensor. 

A large number of investigators nondimensionalize the pressure fluctuation 
measurements with a measured or calculated shear stress at the wall, 
following the lead of Kistler and Chen in Reference 20. This approach 
can only be adopted when the shear stress levels are well known, which is 
certainly not the case in a boundary layer transition study such as the 
present. Other investigators have chosen to nondimensionalize the pressure 
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fluctuation level data with either the local static or dynamic pressure at 
the sensor. Preliminary studies were conducted in which the pressure 
fluctuation data were nondimensionalized with both of these pressures. 

It was found, however, that a better data correlation was obtained with 
the local dynamic pressure nondimensional ization and consequently this 
method was adopted for the present study. 

This nondimensionalization of the pressure fluctuation data with the local 
dynamic pressure was performed using the following equations. 

The sound pressure level in db is related to the rms pressure fluctuation 
level by 


SPL(db) = 20 log 10 (P/P ref ) 


(4.10) 


where P is the rms surface pressure fluctuation level and P .. 

-4 2 

reference pressure and equals 2 x 10 dynes/cm . 


is the 


Using Newtonian theory the cone pressure coefficient, Cp, 


is given by 


C 


P 



2 sin e, 


(4.11) 


By rearranging Equation (4.11) the local cone static pressure, P c , is 
given .by 


r c = p - + i. < 2 s1 " 2 6 l> (4J2 > 

where q^ is the freestream vehicle dynamic pressure 

e L is the local angle-of-attack (see Equation 4.9 in Section 4.1.3) 

P^ is the freestream static pressure. (The 15 degrees North annual 
atmosphere of Reference 18 was used throughout this study to define the 
required atmospheric parameters as a function of altitude.) 

The local cone dynamic pressure, q c , is related to the local cone static 
pressure by 

V p c - ? V M c 2 «.13) 
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where y is the ratio of specific heats (y = 1.4 was used in this study) 

and M is the local cone Mach number. 

c 

Again Newtonian theory is used to determine the local cone Mach number by 

M cos e. 

M c , ,, “ = (4.14) 

V 1 + Y - 2 • 1 (N. Sin 9 l ) 2 

where M is the frees tream Mach number. 

GO 

The ratio of rms pressure fluctuation level to dynamic pressure at the 
sensor can be calculated using Equations (4.10) and (4.12) through (4.14) 
and the instantaneous values of SPL and vehicle attitude, velocity, and 
alti tude. 

These calculations were performed for the transition onset and fully 
turbulent altitudes selected on the basis of the Flight 2 acoustic sensor 
data in Figures 16 through 18. These results together with the boundary 
layer transition altitudes and the local angle-of-attack at the sensor at 
that altitude are presented in Table VII. The ratios of rms surface pressure 

a. 

fluctuation level to the dynamic pressure at the sensor, P/q c » shown in 

Table VII are calculated from the actual flow angle-of-attack. In addition, 

% 

P/q c values calculated for a local angle-of-attack of 8 degrees (centerline 
angle-of-attack of zero) are shown in brackets for the Channel 5 sensor. 

For the low angles-of-attack of Flight 2 the assumption of the vehicle 
centerline at zero angle-of-attack results in less than a 4 percent change 
in the calculated nondimensional pressure fluctuation levels. 

When the boundary layer is fully turbulent, the P/q„ ratios vary from 
-4-4 c 

about 5.5x10 to 9 x 10 for this near zero angle-of-attack flight with 

a nonablating heatshield. In contrast, the ratios at boundary layer 

transition onset are over an order-of-magnitude lower, ranging from about 

3 x IQ' 5 to 5.5 x IQ' 5 . These results will be used in the following 

section where the high angle-of-attack acoustic sensor data are presented 

and analyzed. 

4.2.7 Correlation *of Flight 2 Electrostatic Probe Data 

The electrostatic probe zero angle-of-attack transition altitudes are 
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compared with those determined by other onboard instruments in Figure 22. 
The comparison shows that the electrostatic probe transition altitudes 
are higher than the acoustic sensor "fully turbulent" results by 0.5 to 
1.0 kilometer. For each set of probe data, the altitude range over which 
sweeps contain continuously fluctuating data [type (2) fluctuations as 
defined in Section 4.2.3] is the range of altitudes below each indicated 
electrostatic probe transition altitude. The altitude ranges over which 
sweeps contain fluctuations in short bursts [type (1) fluctuations as 
defined in Section 4.2.3] are also shown in Figure 22 and occur above each 
transition altitude. Data fluctuations of type (1) may be a result of 
large intermittent turbulent disturbances passing over the probes during 
the first stages of transition onset. Fluctuations of this type are 
observed for brief periods at altitudes all of which are lower than the 
transition onset altitudes measured by the acoustic sensor. This 
indicates that the electrostatic probes have a higher threshold for 
transition detection than do the acoustic sensors, although the electro- 
static probe data show continuous transition-induced fluctuations at 
altitudes slightly above the "turbulent" acoustic sensor altitudes. 

The range, in the zero angle-of-attack data (Figure 22), over which 
fluctuations of type (1) are observed before type (2) fluctuations begin 
is significant because it is not possible to separate fluctuations of 
type (1) from those of type (2) in the high angle-of-attack (Flight 1) 
data. The extent of this range, which appears to be at most about 4 
kilometers, is an indication of the uncertainty inherent in considering 
Flight 1 fluctuations to be evidence of a fully turbulent boundary layer 
as opposed to a transitional boundary layer. Since the Flight 1 data 
cannot be used to distinguish between transitional and turbulent boundary 
layers, it can only be said that Flight 1 results identify either laminar 
or "transitional" behavior, where (based on the comparisons in Figure 22) 
"transitional" refers to levels of turbulence from approximately that for 
acoustic sensor "transition-onset" to fully developed turbulence. 

The presence of fluctuations (as defined in Section 4.2.3) has been used 
to identify "transitional" (as defined above) Flight 1 electrostatic probe 
data. The results are presented in Section 4.3.3. 
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4.3 HIGH ANGLE-OF-ATTACK BOUNDARY LAYER TRANSITION DATA 


The Flight 1 acoustic sensor, base pressure and electrostatic probe data 
are presented in this section together with qualitative transition 
altitudes based on vehicle thermocouple instrumentation. 

4.3.1 High Angle-of-Attack Acoustic Sensor Data 

The rms sound pressure level (SPL) data from the three Flight 1 sensors 
are shown in Figures 24 through 26; the identification and location of the 
sensors are noted at the top of each figure. These figures present the 
basic SPL data from this flight for an altitude range extending from 31 
to 50 km. The SPL data in each of these figures are characterized by a 
series of peaks and valleys with a generally increasing level until the 
sensors reached saturation. 

These data were not analyzed on a point by point basis; instead, curves 
were faired through the data to yield a continuous best estimated SPL 
history for each sensor. The equations in Section 4.2.4 were then 
used to calculate the ratios of rms wall pressure fluctuation level to 
local dynamic pressure at the sensor, P/q c , as a function of time. However, 
when the local angle-of-attack was less than zero, the freestream dynamic 
pressure was used to nondimensionalize the pressure fluctuation level. 

The P/q £ histories which correspond to the SPL data in Figures 24 
through 26 are presented in Figures 27 through 29, respectively. In 
addition, the vehicle total angle-of-attack history is presented at the 
top of the same figures, while below the corresponding P/q c data is the 
local angle-of-attack history at each sensor. These parameters are 
presented as a function of time after liftoff (TALO) for a TALO range of 
1638 to 1644 seconds which encompasses all acoustic sensor data from the 
first strong acoustic sensor signals until all sensors were fully 
saturated. Again, the identification and location of the sensors are 
noted at the top of each figure. 

The surface pressure fluctuation ratios in each figure are characterized 
by a series of peaks which coincide with the times when the vehicle was 
at a high local angle-of-attack. The gaps in the P/q c data correspond to 
period of sensor saturation (see Figures 24 to 26). In these regions the 
P/q c ratios can only be greater than the levels indicated where the data 
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reaches saturation. 

The apparent correlation of the P/q peaks with high levels of total 
angle-of-attack, which can be seen in Figures 27 through 29, actually results 
from the fact that the local angles-of-attack at the three sensors were 
near either a maximum or a minimum value when the vehicle total angle-of- 
attack was at a maximum. The sharp rises in pressure fluctuation level 
when the sensors are at a high positive local angle-of-attack are of 
interest in this study because they are caused by boundary layer transi- 
tion. The high P/q spikes which coincide with negative local angles-of- 
attack at the. sensors are believed to be a result of a high turbulence 
level in the separated flow region on the leeward side of the vehicle. 

These regions of high pressure fluctuation level, which are marked with an 
asterisk (*) in Figures 27 through 29, were not analyzed because an 
investigation of separated flow turbulence was beyond the scope of the 
present study. 

The first sensor signal for all three channels occurred at a TALO of 
about 1638.45 seconds. Although these signals are strong, the data is 
believed questionable because of the simultaneous occurrence of a strong 
vehicle vibration. The origin of this vibration is unknown but it is 
quite possible that it could have resulted in the indicated acoustic 
sensor response. Similar vibration levels were not measured with the 
vibration sensor at the other pressure fluctuation peaks which again casts 
suspicion on the first acoustic sensor signals. The first acoustic 
data peak with the Channel 5 sensor (see Figure 29) could be explained on 
the basis of the sensor being in a region of separated flow. However, the 
signals at the same time from the Channel 3 and 4 sensors cannot be 
explained on the basis of turbulent flow conditions at the sensors because 
of an inadequate combination of vehicle attitude and altitude conditions. 
This fact will be demonstrated later when flow field calculations are 
made for conditions corresponding to various P/q c levels. 

These flow field calculations were performed for several cases; the 
case numbers and TALO for which they were calculated are shown in Figures 
27 through 29 with a number and arrow. Emphasis was placed on calculations 
for conditions when the sensors were on the vehicle windward ray. The 
times when the sensors were on both the cone windward and leeward meridian 
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are indicated along the axis of each local angle-of-attack plot. 

^ _4 

A dashed line has been placed through the P/q data at a level of 9 x 10 . 

This is the "fully turbulent" level established by the Flight 2 data in 
Section 4.2.6. Pressure fluctuation levels above this value should 
indicate the presence of a turbulent boundary layer at that station if the 
sensor is not in a region of separated flow. Negligible levels, on the 
other hand, should indicate the presence of a laminar boundary layer, 
while values between these levels indicate a transitional boundary layer. 

The following eight flow field cases were computed based on the Channel 3 
acoustic sensor data (see Figure 27). 

•' Case 9: Peak level of P/q , sensor close to windward ray (turbulent) 

e Case 10: Sensor on windward ray near ^/q c peak (turbulent) 

t Case 11: Peak level of P/q c and sensor on windward ray (turbulent) 

• Case 12: Sensor on windward ray with intermediate P/q c level 

(transitional ) 

• Case 13: Peak level of P/q c> sensor not close to either windward 

or leeward ray (turbulent level -sensor in separated flow) 

a, 

• Case 14: Apparent peak level of P/q c although sensor saturated 

(turbulent) 

t Case 15: Sensor on windward ray with intermediate P/q c level 

(transitional ) 

t Case 16: Sensor on windward ray with negligible P/q c level 

(laminar) 

The Channel 4 and 5 sensors provided less acoustic data than the Channel 3 
sensor because of their location further aft on the vehicle which caused 
earlier boundary layer transition and sensor saturation \at a higher 
altitude. The following five flow field cases were analyzed based on the 
Channel 4 data (see Figure 28). 

a* 

0 Case 22: Peak level of P/q c which appears questionable (turbulent?) 

0 Case 23: Peak level of P/q £ although sensor is saturated, a high 
local angle-of-attack (turbulent) 
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• Case 24: Sensor on windward ray with what appears could be a 

r U 

P/q c peak if the sensor was not saturated (turbulent) 

• Case 25: Sensor on windward ray with an intermediate P/q c level 

(transitional) . 

'X, 

• Case 26: Sensor on windward ray with an intermediate P/q £ level 

(transiti onal) 

Only four flow field cases were of interest based on the Channel 5 data. 
These cases are listed below (see Figure 29). 

• Case 42: Local angle-of-attack at a maximum with a high but 

% 

sensor saturated P/q c level (turbulent) 

'V 

• Case 43: Apparent peak level of P/q c with the sensor saturated 

(turbulent) 

• Case 44: Local angle-of-attack at a maximum with a high but 

% 

sensor saturated P/q c level (turbulent) 

% 

• Case 45: Apparent peak level of P/q c with the sensor saturated 

(turbulent) 

The results of flow field calculations corresponding to the above cases 
are presented in Section 5.3.2 following a description of the flow field 
analysis. Correlations of the high angle-of-attack transition data 
utilizing these flow field results are then presented in Section VI. 

Prior to presenting the Flight 1 base pressure and electrostatic probe data 
and qualitative transition results from Flight 1 thermocouple data a brief 
comparison will be made between the acoustic sensor data from Flights 1 and 
2. Channel 3 sound pressure level (SPL) data from these two flights are 
presented together in Figure 30. The Flight 1 data are presented as in 
Figure 24, while the Flight 2 data from Figure 16 have been shifted along 
the TALO scale so the altitudes for the two flights correspond at any given 
time. Since the velocity/altitude characteristics of the two flights were 
very similar, this will ensure that the frees tream Mach numbers and Reynolds 
numbers for the two vehicles will almost be equal at a given TALO in . 

Figure 30. Consequently, the difference in the SPL characteristics from 
the two flights should only be caused by the high angle-of-attack of 
Flight 1 during reentry. If the first peak of Flight 1 SPL data is ignored 
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(data is questionable for the reasons discussed earlier), the Flight 1 
midcone sensor responds to a turbulent boundary (intermittent because of 
the varying angle-of-attack) about 10 km higher in altitude than the 
Flight 2 midcone sensor first responds to transition onset. At a TALO 
of about 1641 seconds the Flight 1 acoustic sensor still fluctuates in 
level but in the mean gradually increases until the sensor reaches 
saturation. A dashed line has been placed through the mean of the 
minimum levels of SPL in this region of generally increasing SPL. 

Figure 27 shows that these minimum levels of SPL correspond to minimum 
vehicle total angles-of-attack ranging from about 5 degrees at a TALO 
of 1641.4 seconds to 2.5 degrees at a TALO of 1643.4 seconds. As shown 
in Figure 30, the difference in altitudes between the minimum level 
Flight 1 data and the Flight 2 data are about 3 km and 2 km at sound 
pressure levels of 120 db (ay ^ 5 degrees) and 150 db ( U y ^ 2.5 degrees), 
respectively. In the same period that the Flight 1 minimum total angle- 
of-attack decreased from 5 to 2.5 degrees the local angle-of-attack at 
the Channel 3 sensor had values at the five minimum levels in the Flight 1 
data of about 4, 5, 9, 6, and 10 degrees. 

A comparison of the Channel 4 and 5 data from Flights 1 and 2 showed 
similar trends to those presented here based on the more extensive 
Channel 3 data. On the basis of the facts presented above, it would 
appear that the acoustic sensor transition data are more directly 
affected by the vehicle total angle-of-attack than by the local angle-of- 
attack at the sensor. The reason for this behavior is not well understood 
but may be connected with the strong crossflow on cones at even small 
angles-of-attack. 

4.3.2 High Angl e-of-Attack Base Pressure Data 

Flight 1 base pressure data normalized with the freestream pressure are 
presented in Figure 31 for an altitude range from 90 km to 30 km. The 
vehicle total angle-of-attack history is plotted below this data for 
the same range of altitude. The base pressure data shows a pronounced 
pressure variation because of vehicle angle-of-attack. This effect 
arises because the high cone pressure generated by excessive vehicle 
oscillation was fed aft through the separated boundary layer to the base 
region. The observed oscillations in base pressure correlate well with 
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the total angle-of-attack variations. Boundary layer transition onset at 
the base of this vehicle was not detectable from the base pressure data. 
Accuracy of the base pressure data was determined to be ±4 percent of full 
scale (see discussions of data errors in Section 4.2.2). 

4.3.3 High Angle-of-Attack Electrostatic Probe Data 

Examples of the saturation current density histories measured by the 
electrostatic probes on Flight 1 are shown in Figures 32 and 33. Also 
shown are the histories of total and local angle-of-attack, and of sensor/ 
windward angle, for the probe locations at which the data were measured. 

The saturation current density histories shown in the figures are typical 
of those measured by all probes on Flight 1 in that large amplitude 
fluctuations were measured which correlate with total and local angle-of- 
attack. Over the portion of the altitude range where local and total angle 
of-attack variations were of nearly equal period, the amplitude of the 
saturation current density fluctuations tend to be larger for probes 
located along azimuths for which variation in total and local angle-of- 
attack are nearly in phase (Figure 32) than for probes along azimuths 
where the angles-of-attack are nearly out of phase (Figure 33). The large 
changes in saturation current density levels are produced by variations 
in boundary layer densities and profiles which are due to the changes in 
vehicle altitude and attitude during reentry. Flight 1 saturation current 
histories cannot be used to distinguish laminar and transitional regimes. 
They do, however, provide an indication of the altitude ranges over which 
the individual data sweeps can be expected to provide such information. 

When the measured saturation currents are outside the range of the 
amplifiers, all or part of the currents measured during the corresponding 
sweep periods will be outside the amplifier range and will not be useful 
for transition detection. This occurs over different altitude ranges 
for different probes depending upon axial probe location, azimuthal probe 
location, and probe type. The full set of saturation current density 
histories for Flight 1 can be found in Reference 10. In addition to the 
altitude ranges excluded from consideration by the limits of the amplifiers 
altitude ranges have been excluded where the probe data were affected 
either by vehicle nose outgassing (only at very high altitudes), boundary 
layer injection experiments, or interruptions for calibration sweep 
measurements (see References 9 through 12 for details). Electrostatic 
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probe measurements made within these excluded altitude ranges cannot be 
used as a source of information on boundary layer transition. Windward 
ray electrostatic probe data which were subject to one or more of these 
effects are identified in Table IX of this report and in Table III of the 
addendum. Reference 3. 

The individual Flight 1 electrostatic probe data sweeps have been used 
to investigate boundary layer transition at each probe heatshield location. 
This has been done using the criterion developed for the zero angle-of- 
attack data and described in Section 4.2.3. Although large excursions 
in saturation current levels were measured during reentry, the changes in 
measured saturation current levels during single sweep periods were 
generally small enough that the individual current- voltage characteristics 
were qualitatively of the same form as those measured on Flight 2 (see 
Figures 9, 10, 20, 21, 34, 35 and 36). Examination of the useful data 
ranges (described above) shows that fluctuations appear in the data 
sweeps at higher altitudes on Flight 1 than on Flight 2 (particularly at 
rear probe locations), and that in many cases there are periods of laminar- 
type data without fluctuations between periods of fluctuating data. As 
described below, all data measured while probes were located along the 
windward ray or at ±5 degrees from the windward ray have been examined 
for evidence of boundary layer transition. In addition, some data 
obtained at much larger sensor/windward angles have been analyzed. 

4. 3. 3.1 Measurements on Windward Ra,y 

The electrostatic probes on Flight 1 were located along the heatshield 

surface at three azimuthal locations (<j> = 0, 150 and 180 degrees) as 

shown in Figure 13. The times at which each of these azimuthal locations 

passed through the windward ray during reentry are given in Table III of 
* 

Reference 3. Also given in the same table are the times at which the probe 
azimuth locations were five degrees on either side of the windward ray. 

The probes did not pass through the windward ray at the same rate in each 
case, but did so at a rate determined by the corresponding rate of change 
of vehicle attitude. The time interval for the passage of probes from -5 
degrees sensor/windw ard angle to +5 degrees sensor/windward angle varied 

Table III of Reference 3 contains the information in Table IX of this 
report together with the associated times after lift-off, vehicle velocities, 
altitudes, and freestream densities, temperatures, pressures and viscosities. 
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from approximately ten percent of a sweep period to nearly a full sweep 
period (0.1 second). The electrostatic probe measurements made at -5, 0 
and +5 degree sensor/windward locations were examined to determine whether 
the data indicated that the boundary layer was locally laminar or transi- 
tional. With only a few exceptions (see Table IX of this report and Table 
III, Reference 3), the transition results obtained from the -5 and +5 degree 
sensor/windward measurements were the same as the transition result from 
the corresponding windward ray measurements. The freestream conditions 
(Mach number, velocity, temperature, pressure and density), altitude, and 
angles-of-attack (total and local) at the time of each windward ray probe 
measurement are given in Table IV of Reference 3. Freestream density, 
temperature, pressure, and viscosity have been evaluated for each altitude, 
using the U. S. Standard Atmosphere, 15 degrees North Annual of Reference 18. 
Freestream Mach number and velocity, altitude, and total angle-of-attack 
are also given for each -5 and +5 degree sensor/windward measurement. The 
Standard Atmosphere freestream properties are not listed for the ±5 degree 
measurements because it was found that they differed from the windward ray 
values by no more than a few percent. 

Each windward ray probe measurement has been assigned a case number in Table 
IX of this report and Table III of Reference 3. Flow field calculations of 
local Mach number and Reynolds number based on local boundary layer 
displacement thickness have been made for each case. The results, which 
are given in the same tables, have been used to correlate the electrostatic 
probe windward ray transition results in Section VI. 

4. 3. 3. 2 Measurements off Windward Ray 

With the exception of the excluded altitude ranges referred to above, the 
Flight 1 electrostatic probe measurements constitute a potential source 
of boundary layer transition information over the full range of reentry 
altitudes and vehicle attitudes. Although investigation of boundary layer 
transition using windward ray measurements was the primary objective of 
this study, certain measurements made at sensor/windward angles greater 
than ±5 degrees have been examined. Several criteria were used to select 
the measurements which were examined. First the investigation was restricted 
to data obtained while probes were located at sensor/windward angles no 
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greater than +90 degrees. This was done to establish a reasonable upper 
bound on the sensor/windward angles for the flowfield calculations. Even 
with this restriction, the amount of data available for analysis was 
beyond the scope of this effort, since measurements were made at six axial 
stations while vehicle attitude and reentry altitude were continuously 
changing. Investigation of "off windward ray" data was therefore further 
restricted to: 

(a) measurements made at or near each onset of fluctuations in the 
probe data. Included in this set were measurements (sampled at short 
time intervals and only when the sensor/windward angle was <90 degrees 
see Table IX of this report and Table V of Reference 3) which were 
made during the period of data fluctuations that followed each onset. 
(Figure 36 shows an example of onset during a single sweep period and 
identifies the corresponding samples used in the tables.) These 
measurements were selected because they provide a sampling of the 
range of reentry conditions for which the electrostatic probe data 
indicate the presence of local boundary layer transition or turbulence 
It should be noted, however, that this sampled range of conditions 
does not include cases where the boundary layer may have been 
turbulent while probe currents were outside the amplifier range, 

or cases where data fluctuations occurred in measurements made 
at sensor/windward angles >90 degrees (which often occurred). 

(b) measurements (primarily of smooth laminar-type data) which were 
made at or near local angle-of-attack maxima. These measurements 
were selected to provide a sampling of the largest angle-of-attack 
conditions under which the electrostatic probe data indicate that 
the boundary layer was laminar (or, in several cases, transitional). 
Here, too, it should be noted that this sampled range of conditions 
does not include cases where the boundary layer may have been 
laminar while probe currents were outside the amplifier range. 

The transition results, attitude conditions, and flowfield parameters for 
the measurements described in (a) and (b) above are summarized in Table IX 
of this report and presented in detail in Table V and Table VI of Reference 
3, respectively. Flowfield calculations of local Mach number and local 
Reynolds number based on boundary layer displacement thickness for these 
data were beyond the scope of this effort and so the "off windward ray" 
results are not plotted in the figures of this report. 

4.3.4 High Angle-of-Attack Thermocouple Data 

Temperature data as a function of time were obtained from eight forebody 
thermocouples on the Flight 1 vehicle. These thermocouples were located 
at four axial stations along two conical rays 90 degrees apart. The 


- 37 - 


thermocouple installations and locations were identical to those described 
in Section 4.2.4 for the Flight 2 vehicle. Plots of the temperature 
history data for each thermocouple are presented in Reference 1 and, 
consequently, are not repeated here. 

- Boundary layer transition onset altitudes were estimated for each thermo- 
couple station by determining the altitude where the temperature/time 
slope departed significantly from the preflight laminar prediction. 

These boundary layer transition altitudes and estimated error bars are 
presented in Figure 37 as a function of vehicle axial station. The error 
bands were established by the difference in the transition altitudes 
estimated from the two thermocouples at each axial station. Since these 
data were not reduced to heat transfer rates and because of the angle-of- 
attack effects in the data, it is quite possible that the errors are 
greater than those shown. 

As a basis for comparison, the altitudes at which the acoustic sensors 
first responded with a strong turbulent signal (questionable signal at 
TALO = 1638.45 seconds was not used) and also when they fully saturated 
are shown in Figure 37. It can be seen that the acoustic sensors 
responded to intermittent turbulent conditions at altitudes well above 
those presently determined from the thermocouple data. The temperature 
data from the thermocouples did show a slight variation with vehicle 
angle-of-attack, but this was essentially ignored in the selection of the 
transition onset altitudes. As a result of this and thermal lag effects 
inherent in this type of measurement, the transition altitudes presented 
are actually based on an integrated or averaged heating rate history. It 
is quite possible that if the thermocouple data were reduced to heat 
transfer rates, these data would also show intermittent transitional or 
turbulent boundary layers at higher altitudes. 

Also presented in Figure 37 for comparison are the vehicle transition 
altitudes established by the Flight 2 electrostatic probe and thermocouple 
data. Comparison of the transition onset altitudes for Flights 1 and 2 
based on these thermocouple data substantiates the acoustic sensors result 
that vehicle angle-of-attack tends to increase the boundary layer transition 
altitude. The thermocouple data indicate that the difference in transition 
altitude varies from about 5.5 km at the aft vehicle station to about 
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2.5 km at a midcone station. These results and the transition altitudes 
determined from the Flight 1 thermocouple data should only be considered 
in a qualitative sense because of the nature of the data and the method 
used to select the transition altitudes. 
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V. FLOW FIELD ANALYSIS 


A flow field analysis for a cone at angle-of -attack was performed in an 
attempt to correlate the boundary layer transition flight data presented 
in Section IV with instantaneous flow parameters. The main objective was 
to develop an engineering approach for estimating the flow field about a 
sharp cone for angles-of-attack up to 40 degrees. 

5.1 GENERAL APPROACH 

The flow field around cones at high angle-of-attack is extremely complicated. 
With the help of some recent experiments, it is well recognized that the 
problem is basically one involving a viscous-inviscid interaction for which 
no satisfactory solution has as yet been reported. In fact, because of the 
existence of a vortical singularity on the leeward meridianal plane, even a 
solution to the inviscid flow field is not a trivial matter as demonstrated 
by Stocker and Mauger in Reference 21. In spite of these difficulties, an 
approximate calculation scheme has been developed and is presented here in 
which the inviscid surface streamlines are determined for a given angle- 
of-attack and freestream condition by relating the external pressure field 
to the local geometry. With this solution, the boundary layer characteristics, 
such as the displacement thickness and the momentum thickness, along the 
inviscid surface streamlines are estimated using a local similarity approxi- 
mation. The viscous-inviscid interaction between the external flow field 
and the boundary layer is also accounted for in this analysis. However, the 
vorticity interaction was ignored for the relatively sharp-nosed configura- 
tions of interest here. The analysis uses real gas properties and does not 
account for real gas effects. 

5.2 ANALYSIS 

5.2.1 Governing Equations 

Let 5 and n be the orthogonal curvilinear coordinates on the cone surface 
and ? be the distance measured normal to the surface. Furthermore, let 
h-|, h 2 be the metric coefficients associated with this coordinate system. 

Then, a differential line element is given by 

(dji) 2 = h^ 2 d£ 2 + h 2 2 d n 2 + d? 2 (5.1) 


- 40 - 



When the boundary layer thickness is small compared with the cone radius, 
the metrics h-| and h 2 may be considered as functions of 5 and n only. 

Let u, v, and w represent the corresponding velocity components in this 
coordinate. Then, the boundary layer equations become: 

Continuity 

I? (puh 2 } + k (pvh l } + I? (pwh 1 h 2 } = 0 (5 ' 2) 


Momentum 
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where H = h + ^(u + v + w)is the total enthalpy. 

And, K-j and « 2 denote the curvatures of lines % = constant and n = constant, 
respectively, and are given by 


= _ J ^2 „ = J ^ 

1 h-jh 2 a? ’ ^2 “ h-|h 2 3n 


(5.7) 


5. 2. 1.1 Inviscid Field 

At the edge of the boundary layer, Equation (5.4) becomes 

K 2 plj2 = ■ fir (5 - 8) 
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by taking n = constant along the inviscid streamline. 

Now, let (R, $>) be the polar coordinates on the developed cone surface, 
as shown on the following sketch. 



The angle 4> on the sketch is defined by $ = \p sin 9 c with i | > being the 
azimuthal angle measured clockwise from the windward meridian when viewing 
from the base, and 0 C being the cone half-angle. Furthermore, let s be 
the angle between the inviscid streamline and the ray $ = constant. Then 
the streamline curvature l <2 is given from the geometry by 



It ( e + *) 


Combining Equations (5.8) and (5.9) gives 


I_i§.+ l_l±= 1 3p 

h i 85 h i se ' ' TvT 3n 

Also, from the geometry 



|| = cos 0 


(5.9) 
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(5.11) 
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and 


(5.12) 
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Moreover, since the cone is a developable surface 
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Then, Equations (5.7) and (5.8) yield 
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Equations (5.10), (5.11), (5.12), and (5.14) determine the inviscid surface 
streamline if the pressure is known as functions of ? and n. The four 
unknowns 3, $, R, and h 2 describe the geometry of the surface streamline. 

5. 2. 1.2 Boundary Layer 

In the inviscid surface streamline coordinates, the crossflow velocity v 
vanishes both at the wall and at the edge of boundary layer. Therefore, 
if the pressure gradient normal to the streamline, 3p/3n, (and hence the 
streamline curvature) is not too large, the crossflow velocity will be 
small across the entire boundary layer. As a first order approximation, 
the boundary layer equations for small crossflow may be written as 


(puh 2 ) + (pwh ] h 2 ) = 0 
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Now, define the transformed coordinates by 
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Also, let 
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with subscripts z and s indicating partial differentiations. Then : 
governing equations can be written as 
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Similarity solutions for Equations (5.22) exist only under special 
circumstances. For example, if the rate of change of the pressure 
parameter 
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II 

Or 

along s is small, the flow may be considered as locally similar and 
Equation (5.22) may be approximated by 

(Cf zz ) z + ff zz + 3(1 + S - f z 2 ) = 0 


where 
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Solutions to Equation (5.24) with various boundary conditions are well 
known (e.g., Dewey and Gross have presented a compilation of similar 
solutions for a wide variety of physical situations in Reference 22). 
Based on the similarity solutions, the boundary layer momentum thickness 
is obtained from 


where 
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A correction caused by the crossflow within the boundary layer may be 
obtained by computing the crossflow velocity component v by neglecting 
the convective term (v av/9n) in the crossflow momentum Equation (5.4). 

Then, the correction to u, w, and H may be obtained from the full equations 
by treating v terms as forcing functions. For the present investigation, 
this correction was not performed. 

5.2.2 Inviscid Pressure Field 

It is apparent from the governing equations that the pressure field outside 
the boundary layer has to be specified or linked to the local geometry. 

Since the Mach number range of interest in the present investigation was 
of the order of 20, the Newtonian pressure field gave a good approximation. 
The experiment of Tracy (Reference 23) clearly demonstrated the adequacy 
of a simple Newtonian representation by comparison to other more sophis- 
ticated theories. If the interaction caused by the growth of the boundary 
layer displacement thickness is taken into- account, an even better agreement 
of the Newtonian theory with Tracy's data is expected. However, for a 
cone at high angle-of-attack, the Newtonian representation is definitely in 
error in the "shadow" region near the leeward ray. On the other hand, none 
of the more sophisticated inviscid theories give a correct description in 
this region because of the strong interaction with the viscous crossflow. 
Therefore, a Newtonian pressure field was used in the present investigation 
and the pressure in the "shadow" region was assumed to be the freestream 
value. 

The Newtonian angle, e^, is defined as the angle between the tangent to 
the surface and the freestream velocity. Thus, is generally greater than 
zero. At the stagnation point, e L = ir/2. When the freestream velocity 
vector coincides with the surface, = 0. For e L < 0, e L is set to zero 
as a result of the constant pressure shadow region assumption discussed 
above. 
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According to Newtonian theory, the pressure coefficient is defined by 
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The static temperature is similarly obtained from 
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For the purpose of estimating the local Reynolds number, it is further 
assumed that y ^ T. All other variables of interest can also be related 
to this Newtonian angle, e^. For a given cone half-angle, e c and angle- 
of-attack, a the Newtonian angle is related to the azimuthal angle, \p by: 


sin = sin e c cos a + cos e c sin a cos \ p (5.30) 


5.2.3 Method of Solution 

Let h-jd? = ds and L = 1, the final set of governing equations are 
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Solution to this set of equations describes the inviscid surface stream- 
line. The boundary layer characteristics are obtained by first estimating 
the pressure gradient parameter, 
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Then, the displacement thickness is given by 



and the momentum thickness 


0* = F-jCOS 




(5.33) 
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The integrals Ij and Ig as functions of the pressure gradient parameter 6 
are obtained from Dewey and Gross' similarity solutions. 
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Since relatively high altitude flights are of primary interest in the 

present study, the freestream Reynolds number may be low enough such that 

the interaction caused by the growth of boundary layer should be considered. 

This interaction is accounted for by modifying the local surface inclination. 

* 

Specifically, the local cone angle and azimuthal angle become (e c + 6 R ) 
and ($> - 6^ /R sin e c ), respectively. Here the subscripts R and i|i indicate 
partial differentiations and are further approximated by 
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The rate of growth of the boundary layer displacement thickness across the 
streamline has been neglected in obtaining Equations (5.35). With this 
displacement thickness interaction included, Equation (5.30) becomes 

sin e L = cos e c sin a cos ^ + sin e c cos a 


j p 

+ cos 3 (cos e c cos a - sin e c sin a cos iji) 

(5.36) 

+ sin 3 cos e c sin a sin \p 

The rate of change of the displacement thickness, 6*, along the streamline 
can be obtained from Equation (5.33) and then used in Equation (5.36) to 
estimate the Newtonian angle, e^, at the next station. This method of 
solution is not an exact interaction model which requires a simultaneous 
integration of 6* together with the remaining unknowns. However, because 
of the relatively high Reynolds number flow considered, this set of 
equations is very "stiff" and is difficult to handle numerically. The 
present alternate method of solution is believed to give a fair approxi- 
mation to the full interaction result and does not pose any numerical 
probl em. 
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5.2.4 Initial Conditions 

The complete set of governing equations can be readily integrated 
numerically with the proper initial conditions. It should be noted that 
as R tends to zero (sharp-pointed cone), the equations become singular. 
However, for all practical situations, there is a small spherical nosetip. 
Since the streamline on a spherical section is always a great circle 
passing through the stagnation point, certain closed form solutions can be 
obtained if the viscous-inviscid interaction is ignored on the spherical 
section. Then the initial conditions at the sphere-cone junction can be 
estimated. 

Each streamline is characterized by an initial azimuthal angle, \J> , at 
the sphere-cone junction. For a spherical cap of radius r Q , the geometry 
gi ves 

R = r Q ctn e c (5.37) 

Let O' be the center of the sphere, S the stagnation point and P be a 
point on the sphere-cone junction with ip = v . Then the angle ® Q defined 
by the angle formed by SO'P is given by 

cos = cos a sin e„ + cos e sin a cos ip (5.38) 

o c c o 

and the streamline passing through P is the circular arc along the sphere 
surface from S to P. For any point Q on the streamline, the angle 
defined by the angle formed by SO 1 Q is related by the local inclination by 

cos ® = cos a sin + cos e^sin a cos ♦ (5.39) 

with subscript & referring to local values. The remaining initial 
conditions can be easily shown to be 

h 20 = r o sin@ o 

H 10 " cos ® 0 

_1 sin a sin \p Q 

g o ~ tan cos <r cos a - sin e sin a cos ijT (5.40) 
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After estimating the derivative (d6*/ds ) Q , the initial Newtonian angle is 
given by 


sin = cos ®„ 
o o 


cos (cos e„ cos a - 
o ' c 


* (*). [■ 

sin e„ sin a cos <(>„) + sin b cos sin a sin 

c o' o c oj 


(5.41) 


5.3 RESULTS AND DISCUSSIONS 

The flow field analysis described in Section 5.2 was developed primarily 
for the purpose of calculating inviscid and viscous flow parameters for 
specific vehicle attitude and flow conditions. In order to demonstrate 
general features of the flow field several cases were computed which 
yielded results of general interest for hypersonic flow over cones at 
angle-of-attack. These results are presented in Section 5.3.1 while the 
specific results to support the boundary layer transition analysis are 
presented in Section 5.3.2. 

5.3.1 General Flow Field Results 

As a test case, a calculation was performed for the sharp-nosed 

(r = 0.1-inch) 8-degree half-angle cone at zero angle-of-attack and a 
o 6 

freestream condition of M = 22.4 and R „ = 4.8 x 10 . The growth of 

co °°» r h 

the boundary layer displacement thickness as a function of the distance 
along the cone axis is shown in Figure 38. The characteristic length has 
been taken as the base radius = 2 feet. 


- 51 - 



Figure 39 shows the top view of several surface streamlines on a polar 
coordinate plot for an angle of attack a T = 12° («j/0 c = 1.5) at = 21.7 
and = 2.8 x 10 6 . Figure 40 shows the same plot for a higher angle-of- 
attack (otj/e c = 3.5) and altitude. Notice that, except for the windward 
streamline, all streamlines are turned away from the windward ray by the 
azimuthal pressure gradient. It is interesting to note that this converg- 
ence of streamlines on the leeward side has been a main concern for people 
interested in nosetip transpiration cooling. 

Figure 41 demonstrates the change in pressure gradient for three stream- 
lines. The windward streamline (i|> = 0) shows a practically constant 
pressure as expected. Only a slight pressure rise over the inviscid 
value is observed near the nose because of the weak interaction effect at 
this high Reynolds number. For most of the streamlines off the windward 
ray, a rapidly decreasing pressure is experienced as the streamline is 
turned away from the windward meridian. Figure 42 shows the change of 
azimuthal angle along the streamline \p Q = 2.5° and the corresponding growth 
of the boundary layer displacement thickness. For the purposes of comparison, 
the corresponding boundary layer growth on the windward meridian is shown 
on the same plot. The thickening of the boundary layer as it passes from 
the windward to the leeward side can be visualized from this plot. 

For the purpose of correlation of the transition data, it was sometimes 
desirable to obtain the local flow conditions at sensors located off the 
windward meridian. Figure 43 shows the local Mach number, M^, as a 
function of the meridian angle ip at x/r Q = 1 for a freestream Mach number 
of 21.7 and an angle-of-attack of 12 degrees. For this angle-of-attack 
the shadow region starts at \p = 131°. Figure 44 gives the corresponding 
variation in the local Reynolds number based on the boundary layer displace- 
ment and momentum thicknesses. Figure 45 shows a cross plot of the last 
two figures in terms of R^* vs M^. Two presumed transition correlation 
curves are also shown on the plot. First, consider correlation I. 

According to this correlation, the windward side is more unstable than the 
leeward. The opposite is true for correlation II. This relation may offer 
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the possible explanation to the conflicting test results concerning the 
effect of angle-of-attack on the transition location movement. However, 
it should be emphasized that the crossflow interaction may play an 
important role in this regard and has been ignored in the present analysis. 

Figures 46 and 47 indicate the effects of angle-of-attack on the local 
conditions on the windward rays. It is interesting to note that the local 
unit Reynolds number becomes less than the freestream value for > 5°. 

5.3.2 Flow Field Results for Flight 1 Transition Analysis 

Flow field calculations were performed for specific vehicle attitude and 
flow conditions experienced by the Flight 1 vehicle during reentry. 

These calculations were performed initially to support the analysis of 
the acoustic sensor data and were then extended in the second phase of 
the study to provide additional results for analysis of the electrostatic 
probe data. 

The local cone Mach number and local Reynolds number based on the boundary 
layer momentum and displacement thicknesses and wetted length to the 
sensor were calculated for each acoustic sensor case. It was hoped that 
these parameters could be used to correlate the acoustic sensor 
transition data. The calculations were straightforward for the cases 
where the acoustic sensor was on the windward meridian. However, when 
the sensor was off the windward ray a trial -and-error technique was 
adopted in which the initial streamline angle at the vehicle nose was 
varied until a solution was obtained along a streamline which passed 
over the sensor. 

The results of these calculations are presented in Table VIII together 
with the vehicle attitude conditions and nondimensional wall pressure 
fluctuation levels. The results for the cases with the sensor on the 
windward meridian are presented first for each sensor. The vehicle 
velocity and altitude which correspond to each case are not given in 
Table VIII for security reasons as discussed in the report introduction. 
Instead, these parameters are listed by case number in Table VII of the 
addendum to this report, Reference 3. For many of the calcula- 
tion cases the corresponding wall pressure fluctuation levels are 
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identified only as being greater than a certain value because the sensors 
were saturated. 

Results of calculations of local Mach number and local Reynolds number 
based on displacement thickness for electrostatic probe windward ray 
cases are presented in Table III of the of the addendum. 

These tabulated flow field results for both the acoustic sensors and 
electrostatic probes are utilized in Section VI where attempts are made 
to correlate the boundary layer transition results in terms of these 
parameters . 



VI. CORRELATION OF BOUNDARY LAYER TRANSITION DATA 


6.1 CORRELATION OF ZERO ANGLE-OF-ATTACK DATA 

The problem of predicting transition from laminar to turbulent flow is a 
difficult task due to the large number of factors which affect the flow 
but which are not independent of each other. Stability theory while not 
complete enough to imply exactly what parameters should be used to 
correlate transition data does provide some theoretical guidance in the 
selection of parameters. In Reference 24, Lees and Reshotko present a 
stability theory for laminar compressible boundary layer which takes into 
account the effect of temperature fluctuations on the viscous disturbances. 
Their results indicate that the minimum critical Reynolds number is likely 
to increase sharply with increasing Mach number at hypersonic speeds. 

This trend has been verified by experimental studies (References 25 
through 31). From these experimental and theoretical studies it is 
apparent that of the many parameters affecting transition two of the most 
important are the Mach number and the Reynolds number based on the 
properties at the edge of the boundary layer. The question of what 
length to use in calculating the Reynolds number has as yet no definite 
answer. Frequently used lengths are the wetted length and the boundary 
layer momentum and displacement thicknesses.' 

Flight test data on boundary layer transition have been correlated for 
nonablating vehicles which entered the atmosphere at small 
angles-of-attack. This study performed by TRW Systems is documented in 
Reference 32. The reentry data considered in this correlation were 
obtained from flight tests of sphere-cone reentry vehicles. All vehicles 
had graphite nose tips with 0.25-inch nose radii (Flights 1 and 2 
vehicles had nose radii of 0.1-inch). Three of the eight vehicles had 
cone half-angles of 8 degrees, two had 10 degree half-angles, and three 
had 22 degree half- angles. Since the trajectories of all vehicles 
considered were nearly identical, the cone angle was the primary vehicle 
configuration variable. 

Most of the transition data were obtained from thermal sensors embedded 
in the surface of the vehicles. For the data considered in this earlier 
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study, the point at which the temperature slope changed was quite abrupt 
and allowed the altitude of transition to be determined within 1 KM. 

The transition data from the 10 degree half-angle vehicles were based 
on accelerometer data. Upon transition there was an increase in vibration 
and an increase in deceleration due to the higher drag coefficient 
associated with turbulent flow. The data for one of the other flights 
were based on radar determined plots of ballistic coefficient versus 
altitude. The increase in the drag coefficient associated with transition 
caused the ballistic coefficient to decrease as transition occurred. In 
both the accelerometer and ballistic coefficient methods, the altitude 
of transition was presumed to indicate the onset of transition at the 
base of the vehicle. 

Additional details on these vehicles and the methods used to interpret 
the transition onset altitudes are contained in Reference 32. The method 
used in this Reference to calculate the local flow properties includes 
the effects of nose bluntness and the associated curved bow-shock wave 
as well as real gas properties. This method of calculation is not, 
therefore, strictly equivalent to the method developed as part of this 
study for calculation of local flowfield properties for cones at angles- 
of-attack (described in Section V). In order to provide a basis for a 
consistent comparison of the zero angle-of-attack transition results 
from Reference 32 and the high angle-of-attack transition results from 
this study, local flowfield properties were calculated from the 
actual transition data of Reference 32 (transition altitudes, freestream 
velocities and Mach numbers, etc.) using the method discussed in Section V. 

The correlations of these zero angle-of-attack transition data are 
presented in Figures 48 through 50 in terms of the local Mach number and 
local Reynolds number based on the wetted length and the boundary layer 
momentum and displacement thicknesses. In each figure the zero angle-of- 
attack data are represented by bars which encompass all flight data points. 
These bars are placed at local Mach numbers of 5.3 and 12.8 since the 
majority of the data were obtained for these conditions. Dashed lines 
have been placed in each figure which encompass the available zero angle- 
of-attack transition data. It should be noted that these lines have been 
extrapolated beyond the range of data only as a reference for the high 
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angle-of-attack data. 

First consider the boundary layer transition data in terms of the local 
Reynolds number based on wetted length versus the local Mach number as 
presented in Figure 48. At a given Mach number the zero angle-of-attack 
flight transition data have about a + 35 percent variation in the local 
Reynolds number based on wetted length. The shaded band in Figure 48 
shows the variation in transition Reynolds number with local Mach 
number on sharp cone models in a 22-inch helium wind tunnel (Reference 27). 
The transition Reynolds numbers from this wind tunnel test are somewhat 
lower than the zero angle-of-attack flight data. This difference is 
probably related to the higher level of frees tream turbulence associated 
with the wind tunnel data. 

In Figure 49 the zero angle-of-attack flight transition data are presented 
with local Reynolds number based on boundary layer momentum thickness 
versus local Mach number. In this form the zero angle-of-attack data have 
a variation in the local Reynolds number of about 20 percent from the mean. 
A similar variation of slightly less than 20 percent is shown by the 
local Reynolds number based on boundary layer displacement thickness in 
Figure 50. The use of a local Reynolds number based on either the boundary 
layer displacement or momentum thickness appears to correlate the zero 
angle-of-attack transition data to a reasonable degree. 

6.2 CORRELATION OF ACOUSTIC SENSOR DATA 

Also presented in Figures 48 through 50 are the calculated Flight 1 flow 
field parameters discussed in Section 5.3.2 and presented in Table VIII. 

The symbols used to represent the calculated flow field results for each 
acoustic sensor channel are identified at the top of each figure. Solid 
symbols indicate that the corresponding pressure fluctuation levels are 
greater than 9 x 10"^ (turbulent), open symbols indicate levels below 
3 x 10 (laminar), and flagged symbols indicate that the values of P/q 

C A ^ 

are between 3 x 10 and 9 x 10 (transitional). Each data point in the 
figure is identified with a number which corresponds to the calculation 
case number. The results of all the flow field calculations performed 
are presented in Figures 48 through 50, with the exception of the local 
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flow properties for case 13 which had a strong acoustic sensor signal as 
a result of separated flow at the sensor. 

Four of the five data points corresponding to laminar or transitional 
pressure fluctuation levels (P/q c < 9 x 10" ) are in the local Mach range 
from 8 to 10 because of relatively low local angles-of-attack between 11 
and 14 degrees. The one exception is case 25 which has a local Mach number 
of about 3.7 as a result of a high local angle-of-attack at the sensor of 
30.8 degrees. 

In contrast, all. eleven data points which correspond to turbulent pressure 

Of _A 

fluctuation levels (P/q c > 9 x 10 ) range between local Mach numbers of 

.3.5 and 7 because of relatively high local angles-of-attack from about 
17 to 31 degrees. 

In general, the relation of the calculated flow parameters from one case 
to another are fairly well maintained in all three correlations (i.e., 
in Figures 48 through 50). For example, the calculated flow parameters 
for cases 9 and 10 fall below the trend of the data while cases 14, 15, 

24, 44, and 45 are consistently above the trend. It is quite apparent that 
the Flight 1 data are best correlated with the local Reynolds number based 
on boundary layer displacement thickness versus the local Mach number (i.e., 
in Figure 50 as compared to Figures 48 and 49). The correlation of local 
Reynolds number based on wetted length to the sensor versus local Mach 
number (Figure 48) is particularly poor. 

As a result of these comparisons, the electrostatic probe data are presented 
and discussed in Section 6.3 only in terms of the boundary layer displace- 
ment thickness correlation. In addition, comparisons of the combined high 
angle-of-attack acoustic sensor and electrostatic probe data to the low 
angle-of-attack transition data are made only in terms of this correlation 
(Section 6.4). 

It was anticipated that the proximity of the Flight 1 data points to the 
zero angle-of-attack data would vary in relation to the corresponding 
magnitude of the wall pressure fluctuation levels. For example, it was 
expected that the flow field conditions corresponding to the onset of a 
turbulent signal would be close to the zero angle-of-attack transition 
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correlation whereas a negligible signal such as in case 16 would result in 
a local Reynolds number below the data correlation. It should be noted 
again that the data bars representing the range of zero angle-of-attack 
data are based on transition onset, not full turbulence of the boundary layer. 
Also, the placement of the straight lines on this semi logarithmic plot 
bracketing the zero angle-of-attack data may not be correct for the full 
range of local Mach numbers but was done only to provide a reference for 
comparison of the angle-of-attack data. 

The data points for laminar case 16 and for transitional case 15 are 
slightly above the linear interpolation of the zero angle-of-attack data. 
However, all fully turbulent points in the local Mach number range from 
about 5 to 7 fall close to or in the range of the zero angle-of-attack 
transition onset data. At the lower local Mach numbers the angle-of- 
attack data tends to fall below the linear extrapolation of the zero 
angle-of-attack data. Additional comments are made on these data points 
in Section 6.4 where the acoustic sensor results are compared to the data 
from the electrostatic probes. 

All acoustic sensor results appear to be self-consistent except for cases 
10 and 25. The sensors were on the vehicle windward meridian for both 
of these cases and in addition the vehicle attitude and freestream conditions 
were almost identical. As a result, the Reynolds number at the aft cone 
sensor (case 25) is larger than at the midcone sensor (case 10) for all 
three length parameters used to calculate the Reynolds numbers. The sur- 
prising and unexplained result is that the wall pressure fluctuation level 
is higher at the midcone sensor than at the aft sensor. 

6.3 CORRELATION OF ELECTROSTATIC PROBE WINDWARD RAY DATA 

The windward ray electrostatic probe transition results, in terms of 
calculated local Mach numbers and Reynolds numbers based on local displace- 
ment thickness, are shown in Figure 51. Each symbol is identified by case 
number so that the data in the figure can be related to the appropriate 
altitude and flow field information in Table IX of this report and Tables 
III and IV of Reference 3. Solid symbols identify results for which the 
probe data sweeps contain fluctuations which indicate that the boundary 
layer was locally transitional or turbulent. The open symbols identify 
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results for which the probe sweeps contain smoothly varying data (without 
fluctuations) which indicate that the boundary layer was locally laminar. 
Flagged symbols identify cases where the measured data sweeps contain 
fluctuations of order ±1 pern step size, and therefore do not strictly meet 
the transition criterion of Section 4.2.3, but are also not smooth laminar- 
type measurements. These results apparently correspond to measurements made 
just at the threshold of electrostatic probe transition detection. 

The seven turbulent (or transitional) data points in Figure 51 lie within 
a range of local Mach number of 6 to 10.4, corresponding to a range of local 
angle-of-attack of 19 to 11 degrees. The laminar data points extend to lower 
local Mach numbers, covering a range of values of from 3 to 10. The range 
of local angle-of-attack covered by the laminar data is from 35 to 11 
degrees. The absence of turbulent (or transitional) windward ray data 
points at the lowest local Mach numbers is due primarily to the tendency 
of windward ray probe currents to exceed the upper limit of the amplifier 
range at the highest angles-of-attack. Since probe currents also tended 
to increase with decreasing altitude, the windward ray measurements at the 
highest angles-of-attack were within the amplifier range at the higher 
altitudes where Reynolds numbers were relatively low, but not at the lower 
altitudes where Reynolds numbers were higher and where transition may have 
occurred. 

The addition of results calculated from the transition data in Table V of 
Reference 3 (measurements made at locations off the windward ray) should 
widen the range of local Mach numbers covered by turbulent (or transitional) 
data points. This is^expecjed^because nearly all the data in that table 
correspond to turbulent (or transitional) measurements and cover a wide 
range of local angle-of-attack (from 24 to 9 degrees). In addition, since 
Table VI of Reference 3 identifies laminar boundary layer measurements 
made at or near local angle-of-attack maxima, results calculated from the 
data in Table V combined with those from Table VI (both from Reference 3) 
should provide an improved description of transition at the lower local 
Mach numbers. 

The windward ray results alone, however, do provide a reasonably good 
description of boundary layer transition over the range of local Mach 
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numbers from 6 to 11. The results are consistent in that the changeover 
from laminar to turbulent data at fixed local Mach number always corresponds 
to increasing Reynolds number, and the indicated Reynolds numbers for 
transition increase continuously with increasing local Mach number. In 
addition, several sets of windward ray data show the transition from laminar 
to turbulent behavior along the vehicle surface at fixed altitude. This 
can be seen by comparing results obtained at a fixed altitude by probes 
located along a single vehicle ray. In particular, two sets of data from 
probes on <j> s = 0 degrees (cases 8-17-26 and 9-18) and two sets from probes 
on <j> s = 180 degrees (cases 37-48-59-70 and 38-49-60-71) correspond to 
conditions where forward stations were laminar while stations further aft 
were turbulent. 

The zero angle-of-attack data discussed in Section 6.1 are shown with 
the windward ray electrostatic probe results in Figure 51. Over the range 
of local Mach number from approximately 6 to 11, where there are both 
laminar and turbulent electrostatic probe data points, the rate of change 
of the indicated transition Reynolds number with local Mach number agrees 
well with the rate of change defined by the slope of the line which has 
been drawn through the zero angle-of-attack results. The actual magnitudes 
of the critical Reynolds numbers indicated by the probe data, however, 
are somewhat higher than those defined by the extrapolated band of zero 
angle-of-attack results. This is particularly true at local Mach numbers 
between 8 and 10, where there are laminar probe results at Reynolds numbers 
above the range of zero angle-of-attack transition values. This apparent 
tendency of the electrostatic probe results to be higher than the zero 
angle-of-attack values is more likely to be due simply to the fact that a 
straight line has been used to connect the zero angle-of-attack data 
points than to angle-of-attack effects. Additional zero angle-of-attack 
data at local Mach numbers other than 5.3 or 12.8 may indicate that a more 
correct approximation to the variation of zero angle-of-attack transition 
Reynolds number with local Mach number would be a curve such as that which 
has been drawn through the high angle-of-attack data in Figure 52. 
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6.4 CORRELATION OF ACOUSTIC SENSOR AND ELECTROSTATIC PROBE DATA 


The transition results obtained from both the acoustic sensor data and the 
windward ray. electrostatic probe data are presented in Figure 52 in terms 
of local Reynolds number based on displacement thickness and local Mach 
number. The combined results complement one another in that the range 
of local Mach number for which there are both laminar and turbulent data 
points is greater than for either set of results alone. The indicated 
transition Reynolds numbers from the two sets of data are consistent, 
the only exceptions being the pair of acoustic sensor points at local Mach 
number 3.7 (discussed in Section 6.2) and several data points near local 
Mach number 6.5 to 7.0 (where two electrostatic probe laminar results 
occur at Reynolds numbers equal to or slightly higher than two acoustic 
sensor turbulent results). The latter inconsistency may be due, at least 
in part, to the fact that the electrostatic probes tend to detect transition 
at lower altitudes than the acoustic sensors (as discussed in Section 4.2.7). 

Also shown in Figure 52 are the zero angle-of-attack data (discussed in 
Section 6.1) and the straight lines which have been used to extrapolate 
those data over the range of local Mach number for which there is high 
angle-of-attack data. Over the upper half of that local Mach number range 
(i.e.-, for local Mach numbers between 7 and 11), there is good qualitative 
agreement between the high angle-of-attack data and the extrapolation of the 
zero angle-of-attack results. Over most of this range, the transition 
Reynolds numbers indicated by the high angle-of-attack data points tend to 
be slightly above the extrapolated zero angle-of-attack levels. This 
difference tends to decrease with decreasing local Mach number, however, 
and for local Mach numbers between about 5 and 7 the indicated high anqle- 
of-attack transition Reynolds numbers fall within the band of zero angle- 
of-attack data. At still lower local Mach numbers, the high angle-of-attack 
results are below the zero angle-of-attack data extrapolation, and the 
difference increases with decreasing local Mach number. 

If the straight line extrapolation of the zero angle-of-attack data were 
known to be correct, the comparison in Figure 52 would provide a measure 
of the effects of crossflow and angle-of-attack on boundary layer transi- 
tion, since decreases in local Mach number correspond to increases in 
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angle- of -attack for a given vehicle geometry. The comparison in Figure 52 
would then indicate that only at angles-of-attack corresponding to local 
Mach numbers less than about 5 do high angle-of -attack transition Reynolds 
numbers (based on displacement thickness) differ appreciably from those 
for zero angle-of-attack. In addition, the comparison would show that 
when angle-of-attack effects on transition are significant, they tend to 
result in transition onset at local Reynolds numbers (based on displace- 
ment thickness) lower than those for zero angle-of-attack transition onset 
at the same local Mach number. 

The zero angle-of-attack data in Figure 52 is not, however, sufficient to 
accurately describe the variation of zero angle-of-attack transition 
Reynolds number over the required range of local Mach number. For this 
reason, and because there is good agreement between zero angle-of-attack 
and high angle-of-attack results where direct comparison can be made, it 
cannot be assumed that the differences between the extrapolated zero 
angle-of-attack data and the high angle-of-attack data in Figure 52 are 
necessarily representative of real angle-of-attack effects. The extrapola- 
tion in Figure 52 can only be considered a first order approximation to 
the magnitude and variation of zero angle-of-attack transition Reynolds 
number over the indicated range of local Mach number. The comparison in 
Figure 52, therefore, shows simply that the magnitude and local Mach number 
dependence of the high angle-of-attack and zero angle-of-attack data 
are in general agreement over most of the local Mach number range. 

The combined acoustic sensor and electrostatic probe transition results 
are correlated sufficiently well by the parameters of Figure 52 that they 
can be used, without regard to the zero angle-of-attack extrapolation, to 
describe the variation of transition Reynolds number with local Mach number. 
The result is the dashed curve shown in the figure. Since the zero angle- 
of-attack data points also fall on or near the curve, it appears possible 
that additional zero angle-of-attack transition data may also tend to 
describe such a curve rather than the straight line used in the figure. 

The indicated variation of transition Reynolds number with local Mach 
number is greatest at low local Mach numbers, and decreases as local Mach 
number increases. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 


Boundary layer transition data have been obtained from acoustic sensor 
and electrostatic probe measurements made along the surface of a conical 
nonablating vehicle during a high angle-of-attack reentry. The data 
correspond to a range of local angle-of-attack at the sensor locations of 
from 8 to 31 degrees. Observations and conclusions which have been made 
directly from these data include: 

• Acoustic sensors have a lower threshold for transition detection 
than all other instrumentation (electrostatic probes, thermo- 
couples and base pressure gages) installed in these reentry 
vehicles. The altitudes for onset of boundary layer transition 
established by the acoustic sensor data for the Flight 2 vehicle 
are about 4 km higher than those established by the electrostatic 
probe and vehicle temperature data. The electrostatic probe 
transition altitudes are higher than the acoustic sensor "fully 
turbulent" results by about 0.5 to 1.0 km. 

• Boundary layer transition results based on vehicle thermocouple 
measurements for both Flights 1 and 2 should be treated as only 
qualitative since a reduction of these data to heat transfer rates 
for a more rigorous analysis was beyond the scope of this study. 

• Boundary layer transition altitudes established for the Flight 2 
vehicle by the electrostatic probe data are in good agreement with 
the qualitative thermocouple results over the range of vehicle 
axial stations. This agreement is demonstrated in Figure 22. 

• Analysis of the Flight 2 acoustic sensor data show that the ratio 
of rms surface pressure fluctuation level to local dynamic 
pressure at the sensors varied from a range of 3 x 10-5 to 5.5 x 
10"5 at transition onset to a range of 5.5 x 10 -4 to 9 x 10“ 4 (an 
order of magnitude larger) for "fully turbulent" conditions. 

t Comparisons of transition data from a vehicle with an ablating 
heatshield and the Flight 2 nonablating vehicle indicate that 
boundary layer transition occurred at higher altitudes, and the 
transition process was much more abrupt, for the ablating heatshield 
vehicle. The increase in transition altitude caused by ablative 
mass addition effects ranged from slightly over 1 km at the aft 
vehicle station to about 5 km at a station located at 20 percent of 
the vehicle length. 

0 Comparison of boundary layer transition altitudes measured on the 
Flight 1 and 2 vehicles indicate that high angles-of-attack caused 
boundary layer transition (which was at first intermittent) to 
occur at higher altitudes on Flight 1 than on the zero angle-of- 
attack flight (Flight 2). 
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A method of flowfield analysis has been developed which can be used to 
calculate local flowfield parameters about sharp cones at high angles-of- 
attack. This analysis utilizes Newtonian theory to describe the inviscid 
flow field and a local similarity solution for the viscous flow. Boundary 
layer crossflow and viscous-inviscid interaction effects have been 
included. Local flowfield parameters have been calculated as a part of 
this study for all acoustic sensor transition results and all windward ray 
electrostatic probe transition results. 


Comparisons of correlations of high angle-of-attack transition data using 
Re x , Re 0 , and Re^* versus M L indicate the data are best correlated in 
terms of Re fi * versus The combined results of the acoustic sensor and 
windward ray electrostatic probe measurements have been correlated 
sufficiently well using Re fi * versus M L that the data can be used to describe 
the variation of indicated transition Re fi * with M L over a range of M L from 
approximately 3 to 11. This correlation indicates that the variation of 
transition Re fi * with M L becomes greater as M L decreases. 


Comparison (in terms of Re fi * versus M^) of the high angle-of-attack 
transition data with an extrapolation of zero angle-of-attack transition 
data (at = 5.3 and = 12.8) shows generally good agreement for > 

5. For M l < 5, the high angle-of-.attack data show transition at values of 
Re * lower than values produced by a semi -log plot straight line extra- 

O 

polation (power law variation) of the zero angle-of-attack data. 


The flight data presented in this report were all obtained under nearly 
identical reentry conditions for which vehicle angle-of-attack and cone 
angle were the only parameters which changed significantly. For this 
reason, and because all flowfield parameters were calculated using a single 
analysis method, the results of this study are self-consistent and can be 
compared and correlated without ambiguity. The flowfield analysis which 
has been developed as part of this study does not, however, include real 
gas properties. Since real gas effects may become significant for high 
frees tream Mach number reentry at high angle-of-attack (or for large cone 
angle), a study of the effect of including real gas properties in flowfield 
calculations of parameters such as R fi * and M L should be undertaken. The 


i 
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results of such a study would indicate what corrections, if any, are 
required to assure that comparisons of transition data from flows which 
may be subject to real gas effects (such as those in this study) with 
transition data from flows where real gas effects are definitely 
negligible are made in terms of self-consistent flowfield parameters. 

A large amount of boundary layer transition data obtained from analysis 
of electrostatic probe data has been presented for which flowfield 
calculations have not been performed. The flowfield analysis developed 
as part of this study should be applied to these data to considerably 
enlarge the base of high angle-of-attack transition results for use in 
flowfield parameter correlations. 

The Flight 2 thermocouple temperature history data presented in Appendix 
A should be reduced to heat transfer rates. This would allow transition 
onset and "fully turbulent" altitudes to be accurately defined and would 
broaden the base of zero angle-of-attack boundary layer transition data. 
In addition, preliminary studies could be conducted with the Flight 1 
thermocouple data to investigate whether further analysis would provide 
useful data to supplement the present high angle-of-attack acoustic 
sensor and electrostatic probe results. 

Additional zero angle-of-attack transition data (at local Mach numbers 
between 3 and 12) should be acquired to make possible (using the high 
angle-of-attack results presented here) a quantitative assessment of the 
relationship between high angle-of-attack and zero angle-of-attack 
boundary layer transition criteria. 
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Table I. Nominal Specifications for Acoustic Sensors 


Dynamic Range - 120 to 160 db depending on the amplifier gain 

setting 

2 

Reference Level - 0.0002 dynes/cm 

Sample Rate - 125 samples per second 

Signal -to-Noise Ratio - The electrical noise at the output must be at 

least 30 db below full scale 

Frequency Response - +10 db, -15 db from 30 kHz to 110 kHz 

+10 db, -20 db from 110 kHz to 200 kHz 


Table II. Acoustic Sensor Locations and Saturation Levels 


Flight 

No. 

Sensor 
Channel No. 

Station 

(inch) 

Angular* 

Location 

(Degrees) 

Saturation** 

Level 

(db) 

1 

3 

88 

101 

154.3 

1 

4 

166 

no 

149.0 

1 

5 

166 

290 

148.8 

2 

3 

88 

101 

155.9 

2 

4 

166 

no 

152.0 

2 

5 

166 

290 

147.8 


* Measured clockwise from the vehicle -Z axis (see Figure 4) 

** The saturation level is the nms flat-spectrum random sound 
pressure level input in db, referenced to 0.0002 dynes/cm z 
that will produce a full scale output of 5.0 volts at the 
output of the amplifier. 
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Table III. Pressure Gauge Locations 


Flight 

No. 

Radial Distance 
From Centerline 
(inch) 

* 

Angular 

Location 

(Degrees) 

1 

13.1 

37 

2 

13.0 

130 


★ 

Measured clockwise from the -Z axis (see Figure 4) 


Table IV. Flight 2 Thermocouple Locations 


Thermocouple 

Number 

Axial Station 
(inch) 

Angular Location* 
(Degrees) 

145 

31.87 

225 

146 

77.45 

225 

147 

123.53 

225 

148 

169.62 

225 

149 

31 .87 

315 

150 

77.45 

315 

151 

123.53 

315 

152 

169.62 

315 


* Measured clockwise from the vehicle -Z axis (see Figure 4) 
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Table V. Summary of Acoustic Sensor Errors 


Error Source 

SPL Error db 

Acoustic chamber calibration 

±1 .5 

Amplifier calibration 

±0.4 

Sensor linearity 

±2.0 

Microphone calibration 

±0.2 

Transfer functions in sensor calibration 

Negligible 

Telemetry and receiving 

Negl igible(for SPL < 130 db) 

Numerical processing 

Negligible 

Temperature 

Not considered in detail ** 
but considered negligible 

Total anticipated error (RSS) 

±2.5 db 


Heat soak tests of representative sensor systems indicate a 
maximum variation of up to +1 db in system response for a maximum 
temperature variation of ±25 degrees F from the calibration 
temperature. 


Table VI. Error Summary for Base Pressure Gauge 


Source 

0.01 Psia Range 

0.05 Psia Range 

Li neari ty , repeatabi 1 i ty , 

±2% of full scale 

±2% of full scale 

hysterisis 



Zero shift 

±1% 

±1% 

Time response 

±1% 

±1% 

Total 

±4% of full scale 

±4% of full scale 
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Table VII. Comparison of Flight 2 rms Surface Pressure Fluctuations at Boundary Layer Transition 



CHANNEL 3 
X = 88", = 101° 

CHANNEL 4 

X = 166", <(> s = 110° 

CHANNEL 5 

X = 166", * s = 290° 


ALTITUDE 

m 

0 LOCAL 

(DEG) 

Of 

p/q c 

ALTITUDE 

(KM) 

e L0CAL 

(DEG) 

P/q c 

him 

9 L0CAL 

(deg) 

p /q c 

TRANSITION 
ON SET- ACOUSTIC 
SENSOR 

37.8 

8.09 

3.16xl0 -5 

41.2 

7.36 

5.41xl0' 5 

41.6 

8.19 

5. 40x1 O" 5 









(8.0) 

(5. 47x1 0 -5 ) 

TURBULENT 

BOUNDARY 

LAYER - ACOUSTIC 
SENSOR 

32.3 

8.06 

8.91xl0" 4 

37.0 

8.43 

5. 48x1 O' 4 

39.1 

8.75 

6.81xl0' 4 









(8.0) 

(7.06xl0“ 4 ) 


% 

P/q c = RATIO OF RMS SURFACE PRESSURE FLUCTUATION TO DYNAMIC PRESSURE AT SENSOR 









Table VIII. Flight 1 Acoustic Sensor Flow Field Parameters and Pressure Fluctuation Levels 






e L 

a T 



Local Reynolds Number Based On: 



Sensor 

Case 

Xc + 

♦ 







Local 

A s 



M 

oo 

m l 




p/i c 

Channel 

Number 

(inches) 

(deg) 

(deg) 

(deg) 

Displacement' 

Momentum 

Wetted 

B.L.tt 









Thickness, i 

Thickness , 

Length, 











R * 

R 

R 











6 

e 

X 



3 

10 

88 

0 

30.8 

22.8 

20.55 

3.67 

463. 

172. 

4.09 x 10 5 

1.6 x 10“ 3 

T 

1 3 

11 

88 

0 

23.4 

15.4 

21.38 

5.00 

1 ,830. 

366. 

1.51 x 10 6 

1.2 x io -3 ; 

T 

3 

12 

88 

0 

11.3 

3.3 

21.62 

9.83 

18,100. 

935. 

6.59 x 10 6 

0.45 x 10" 3 

TR 

3 

15 

88 

0 

14.1 

6.1 

21.81 

8.15 

11,500. 

869. 

6.33 x 10 6 

0.8 x 10‘ 3 

TR 

I 3 

16 

88 

0 

12.0 

4.0 

20.91 

9.29 

11 ,600. 

669. 

3.49 x 10 6 

1.7 x 10" 5 

L 

3 

9 

88 

-13.0 

28.2 

20.7 

20.53 

4.07 

630. 

190. 

4.72 x 10 5 

1.95 x 10‘ 3 

T 

3 

** 

13 

88 

117.9 

2.2 

12.3 

21.70 

18.80 

89,800. 

1920. 

1.12 x 10 7 

3.1 x 10" 3 

T 

3 

14 

88 

-35.5 

19.3 

13.9 

21.78 

6.11 

4,490. 

618. 

3.66 x 10 6 

>1.3 x 10“ 3 

T 

4 

24 

166 

0 

24.0 

16.0 

21.38 

4.86 

2,330. 

492. 

2.77 x 10 6 

>1.0 x 10’ 3 

T 

4 

25 

166 

0 

30.8 

22.8 

20.56 

3.67 

638. 

236. 

7.80 x 10 5 

0.45 x 10‘ 3 

TR 

4 

26 

166 

0 

11.8 

3.8 

20.93 

9.43 

15,600. 

875. 

5.94 x 10 6 

0.25 x 10" 3 

TR 

4 

22 

| 166 

62.7 

16.8 

19.3 

20.42 

7.04 

3,860. 

450. 

1.60 x 10 6 

2.85 x 10" 3 

T 

4 

23 

166 

-27.3 

25.3 

19.5 

20.54 

4.61 

1 ,270. 

305. 

1.09 x 10 6 

>2.4 x 10" 3 

T 

5 

42 

166 

43.7 

20.2 

16.8 

20.73 

5.86 

3,150. 

485. 

2.27 x 10 6 

>2.8 x 10" 3 

T 

5 

43 

166 

58.6 

18.3 

19.7 

20.80 

6.52 

4,280. 

577. 

2.82 x 10 6 

>2.8 x 10' 3 

T 

5 

44 

166 

-34.6 

22.1 

17.2 

21.12 

5.33 

2,740. 

500. 

2.62 x 10 6 

>1.2 x 10' 3 

T 

5 

45 

166 

-43.9 

21.3 

18.4 

21.37 

5.59 

3,140. 

532. 

2.80 x 10 6 

>1.2 x 10" 3 

T 


tSymbols: X s = wetted length to sensor, y = sensor/windward angle, \ = local angle of attack at probe 

station, aT = vehicle centerline angle of attack, = freestream Mach number, 

Ml = local Mach number 

t+Local B.L. = Local Boundary Layer Condition: T = turbulent, TR = transitional, L = laminar 




Table IX Electrostatic Probe Boundary Layer Transition Results* 
Case Nos. 1-82 Measurements on Windward Ray (See Section 4.3.3.1) : 


Case 

No. 

X S ++ 

(inches) 

4>s 

(deg) 

1 > 

(deg) 

e L 

(deg) 

aj 

(deg) 

M 

00 

Local 

B.L.+tt 

Re * ++++ 
0 

m l ++++ 

la- 

•lb 

32.75 

0 





ND 



ic 


32.75 

0 

+5.0 


25.45 

on 7 c ND at +5° 
20 - 75 L at +7° 

•3 


2 a 


32.75 

0 

0 

19.63 

11.63 

20.40 

L 

1 . 009° 

5.96 

2 b 


32.75 

0 

-5.0 


12.80 

20.87 

L 



2 c 


32.75 

0 

+5.0 


10.60 

20.40 

L 



3a 


32.75 

0 

0 

12.97 

4.97 

20.48 

L 

4.022 3 

8.73 

3b 


32.75 

0 

-5.0 


4.80 

20.48 

L 



3c 


32.75 

0 

+5.0 


5.17 

20.50 

L 



4a- 

•5c 

32.75 

0 





CAL 



6 a 


32.75 

0 

0 

21.50 

13.50 

21.58 

L 

1.663 3 

5.46 

6 b 


32.75 

0 

-5.0 


15.20 

21.56 

L 



6 c 


32.75 

0 

+5.0 


12.10 

21.55 

L 



7a 


32.75 

0 

0 

11.90 

3.90 

21 .76 

L 

1.066 4 

9.49 

7b 


32.75 

0 

-5.0 


3.70 

. 21.70 

L 



7c 


32.75 

0 

+5.0 


4.20 

21.70 

L 



8 a 


32.75 

0 

0 

10.90 

2.90 

22.00 

L 

1.555 4 

10.22 

8 b 


32.75 

0 

-5.0 


3.10 

21 .96 

L 



8 c 


32.75 

0 

+5.0 


2.80 

21.96 

L 



9a 


32.75 

0 

0 

17.64 

9.64 

22.20 

L 

4.724 3 

6.67 

9b 


32.75 

0 

-5.0 


10.14 

22.25 

L 



9c 


32.75 

0 

+5.0 


8.87 

22.27 

L 




^Tables III through VI of Reference 3 give these results together with associated 
vehicle velocities, altitudes and freestream densities, temperatures, pressures 
and viscosities. 

+ *Symbo1s: X s , i|», 6 |_, aj, M^, Re 6 * and M L as defined in Table VIII. 

i() S = sensor azimuth angle. 

4 . 4 . 4 . 

Local B.L. = local boundary layer condition: T = turbulent, L = laminar, 

LT = fluctuations of order ±1 pern step size, may be just at threshold of 
transition detection by probe, ND = no probe data, may be just at threshold of 
amplifier range, CAL = no boundary layer data due to calibration sweep 
measurement. 

Calculated only for ijj = 0 cases. . 74 . 



Table IX (continued) 


Case 

No. 

x s 

( i nches ) 

4* s 

ideal 

(deg) 

e L 

(deg) 

CXj 

(deg) 

M 

oo 

Local 

B.L. 

Re 6 * 

1 

10a- 10c 

47.5 

0 





ND 



11a 

47.5 

0 

0 

19.63 

11.63 

20.40 

L 

1.218 3 

5.96 

11b 

47.5 

0 

-5.0 


12.80 

20.87 

L 



11c 

47.5 

0 

+5.0 


10.60 

20.40 

L 



12a 

47.5 

0 

0 

12.97 

4.97 

20.48 

L 

4. 861 3 

8.73 

12b 

47.5 

0 

-5.0 


4.80 

20.48 

L 



12c 

47.5 

0 

+5.0 


5.17 

20.50 

L 



13a-14c 

47.5 

0 





CAL 



15a-15b 

47.5 

0 





ND 



15c 

47.5 

0 

+5.0 


12.10 

21.55 

L 



16a 

47.5 

0 

0 

11.90 

3.90 

21.76 

L 

1.288 4 

9.49 

16b 

47.5 

0 

-5.0 


3.70 

21.70 

L 



16c 

47.5 

0 

+5.0 


4.20 

21.70 

L 



17a 

47.5 

0 

0 

10.90 

2.90 

22.00 

L 

1 .881 4 

10.22 

17b 

47.5 

0 

-5.0 


3.10 

21.96 

L 



17c 

47.5 

0 

+5.0 


2.80 

21.96 

LT 



18a 

47.5 

0 

0 

17.64 

9.64 

22.20 

LT 

5.705 3 

6.67 

18b 

47.5 

0 

-5.0 


10.14 

22.25 

T 



18c 

47.5 

0 

+5.0 


8.87 

22.27 

T 



19a 

88.0 

0 

0 

35.00 

27.00 

20.57 

L 

1.632 2 

3.14 

19b- 19c 

88.0 

0 





ND 



20a 

88.0 

0 

0 

19.63 

11.63 

20.40 

L 

1 . 658 3 

5.96 

20b 

88.0 

0 

-5.0 


12.80 

20.87 

L 



20c 

88.0 

0 

+5.0 


10.60 

20.40 

L 



21a 

88.0 

0 

0 

12.97 

4.97 

20.48 

L 

6.618 3 

8.73 

21b 

88.0 

0 

-5.0 


4.80 

20.48 

L 



21c 

88.0 

0 

+5.0 


5.17 

20.50 

L 



22a- 23c 

88.0 

0 





CAL 



24a- 24b 

88.0 

0 





ND 



24c 

88.0 

0 

+5.0 


12.10 

21.55 

L 



25a 

88.0 

0 

0 

11.90 

3.90 

21.76 

L 

1.755 4 

9.49 

25b 

88.0 

0 

-5.0 


3.70 

21.70 

L 
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Table IX (continued) 


Case 

No. 

(inches) 

<f> S 

(deg) 

* 

(deg) 

e L 

ideal 

“T 

(deg) 

M 

CO 

Local 

B.L. 

Re 6 * 

\ 

25c 

88.0 

0 

+5.0 


4.20 

21.70 

T 



26a 

88.0 

0 

0 

10.90 

2.90 

22.00 

T 

2.563 4 

10.22 

26b 

88.0 

0 

-5.0 


3.10 

21.96 

T 



26b 

88.0 

0 

+5.0 


2.80 

21.96 

T 



27a- 27b 

88.0 

0 





ND 



27c 

88.0 

0 

+5.0 


8.87 

22.27 

LT 



28a 

32.75 

180 

0 

21.81 

13.81 

23.70 

L 

2.178 2 

5.42 

28b 

32.75 

180 

-5.0 


13.18 

23.70 

L 



28c 

32.75 

180 

+5.0 


14.52 

23.63 

L 



29a- 29c 

32.75 

180 





ND 



30a 

32.75 

180 

0 

14.82 

6.82 

21.00 

L 

1.51 7 3 

7.80 

30b 

32.75 

180 

-5.0 


6.81 

20.86 

L 



30c 

32.75 

180 

+5.0 


6.87 

20.90 

L 



31a 

32.75 

180 

0 

14.78 

6.78 

20.42 

L 

1 . 968 3 

7.79 

31b 

32.75 

180 

-5.0 


6.48 

20.40 

L 



31c 

32.75 

180 

+5.0 


7.14 

20.45 

L 



32a-32c 

32.75 

180 





CAL 



33a 

32.75 

180 

0 

15.60 

7.60 

20.61 

L 

2.750 3 

7.44 

33b 

32.75 

180 

-5.0 


8.25 

20.63 

L 



33c 

32.75 

180 

+5.0 


7.10 

20.61 

L 



34a 

32.75 

180 

0 

14.05 

6.05 

20.91 

L 

4 . 47 1 3 

8.18 

34b 

32.75 

180 

-5.0 


5.50 

20.95 

L 



34c 

32.75 

180 

+5.0 


6.75 

20.92 

L 



35a 

32.75 

180 

0 

12.16 

4.16 

21.45 

L 

8.150 3 

9.30 

35b 

32.75 

180 

-5.0 


4.50 

21.45 

L 



35c 

32.75 

180 

+5.0 


3.90 

21.43 

L 



36a 

32.75 

180 

0 

16.98 

8.98 

21.65 

L 

3.762 3 

6.90 

36b 

32.75 

180 

-5.0 


8.00 

21.66 

L 



36c 

32.75 

180 





ND 



37a 

32.75 

180 

0 

10.57 

2.57 

21.89 

L 

1.547 4 

10.47 

37b 

32.75 

180 

-5.0 


2.55 

21.90 

L 



37c 

32.75 

180 

+5.0 


2.62 

21.89 

L 
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Table IX (continued) 


Case 

Ho. 

x s 

(Inches) 

4>s 

(deg) 

'P 

(deg) 

6L 

(deg) 

“T 

(deq) 

M 

oo 

Local 

B.L. 

Re£ 


38a 

32.75 

180 

0 

13.25 

5.25 

22.10 

L 

1.020 4 

8.69 

38b 

32.75 

180 

-5.0 


5.95 

22.10 

L 



38c 

32.75 

180 

+5.0 


4.75 

22.10 

L 



39a- 39b 

67.0 

180 





ND 



39c 

67.0 

180 

+5.0 


14.52 

23.63 

L 



40a- 40c 

67.0 

180 





ND 



41a 

67.0 

180 

0 

14.82 

6.82 

21.00 

L 

2.173 3 

7.80 

41b 

67.0 

180 

-5.0 


6.81 

20.86 

L 



41c 

67.0 

180 

+5.0 


6.87 

20.90 

L 



42a-42c 

67.0 

180 





ND 



43a- 43c 

67.0 

180 





CAL 



44a 

67.0 

180 

0 

15.60 

7.60 

20.61 

L 

3.930 3 

7.44 

44b 

67.0 

180 

-5.0 


8.25 

20.63 

L 



44c 

67.0 

180 

+5.0 


7.10 

20.61 

L 



45a 

67.0 

180 

0 

14.05 

6.05 

20.91 

L 

6.404 3 

8.18 

45b 

67.0 

180 

-5.0 


5.50 

20.95 

L 



45c 

67.0 

180 

+5.0 


6.75 

20.92 

L 



46a 

67.0 

180 

0 

12.16 

4.16 

21.45 

L 

1.169 4 

9.30 

46b 

67.0 

180 

-5.0 


4.50 

21.45 

L 



46c 

67.0 

180 

+5.0 


3.90 

21.43 

L 



47a 

67.0 

180 





ND 



47b 

67.0 

180 

-5.0 


8.00 

21.66 

L 



47c 

67.0 

180 





ND 



48a 

67.0 

180 

0 

10.57 

2.57 

21.89 

L 

2.221 4 

10.47 

48b 

67.0 

180 

-5.0 


2.55 

21.90 

L 



48c 

67.0 

180 

+5.0 


2.62 

21.89 

L 



49 a 

67.0 

180 

0 

13.25 

5.25 

22.10 

LT 

1 .461 4 

8.69 

49b 

67.0 

180 

-5.0 


5.95 

22.10 

LT 



49c 

67.0 

180 

+5.0 


4.75 

22.10 

LT 



50a 

139.0 

180 

0 

21.81 

13.81 

23.70 

L 

4.492 2 

5.42 

50b 

139.0 

180 

-5.0 


13.18 

23.70 

L 



50c 

139.0 

180 

+5.0 


14.52 

23.63 

L 
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Table IX (continued) 


Case X s <f>s i|» (>L a T m Local 

No. (inches) (deg) (deg) (deg) (deg) B.L. 


Re a* 


ND 


51 a- 51c 

139.0 

180 



52a 

139.0 

180 

0 

14.82 

52b 

139.0 

180 

-5.0 


52c 

139.0 

180 

+5.0 


53a 

139.0 

180 

0 

14.78 

53b 

139.0 

180 

-5.0 


53c 

139.0 

180 

+5.0 


54a- 54c 

139.0 

180 



55a 

139.0 

180 

0 

15.60 

55b 

139.0 

180 

-5.0 


55c 

139.0 

180 

+5.0 


56a 

139.0 

180 

0 

14.05 

56b 

139.0 

180 

-5.0 


56c 

139.0 

180 

+5.0 


57a 

139.0 

180 

0 

12.16 

57b 

139.0 

180 

-5.0 


57 c 

139.0 

180 

+5.0 


58a- 58c 

139.0 

180 



59a 

139.0 

180 

0 

10.57 

59b 

139.0 

180 

-5.0 


59c 

139.0 

180 

+5.0 


60a 

139.0 

180 

0 

13.25 

60b 

139.0 

180 

-5.0 


60c 

139.0 

180 

+5.0 


61a 

166.0 

180 

0 

21.81 

61b 

166.0 

180 

-5.0 


61c 

166.0 

180 

+5.0 


62a- 62c 

166.0 

180 



63a 

166.0 

180 

0 

14.82 

63b 

166.0 

180 

-5.0 


63c 

166.0 

180 

+5.0 


64a 

166.0 

180 

0 

14.78 


6.82 

21.00 

L 

3.132 J 

7.80 

6.81 

20.86 

L 



6.87 

20.90 

L 



6.78 

20.42 

L 

4.063 3 

7.79 

6.48 

20.40 

L 



7.14 

20.45 

L 





CAL 



7.60 

20.61 

L 

5.670 3 

7.44 

8.25 

20.63 

L 



7.10 

20.61 

L 



6.05 

20.91 

L 

9.231 3 

8.18 

5.50 

20.95 

L 



6.75 

20.92 

L 



4.16 

21.45 

L 

1 . 685 4 

9.30 

4.50 

21.45 

L 



3.90 

21.43 

L 





ND 



2.57 

21.89 

T 

3.204 4 

10.47 

2.55 

21.90 

T 



, 2.62 

21.89 

T 



5.25 

22.10 

LT 

2.107 4 

8.69 

5.95 

22.10 

LT 



4.75 

22.10 

LT 



13.81 

23.70 

L 

4.911 2 

5.42 

13.18 

23.70 

L 



14.52 

23.63 

L 





ND 



6.82 

21.00 

L 

3.424 3 

7.80 

6.81 

20.86 

L 



6.87 

20.90 

L 



6.78 

20.42 

L 

4.442 3 

7.79 
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Table IX (continued) 


Case 

No. 

x s 

(inches) 

,*s . 
Ideal 

* 

(deg) 

e L 

(deg) 

“T 

(deg) 

M 

CO 

Local 

B.L. 


Re<$* 

\ 

64b 

166.0 

180 

-5.0 


6.48 

20.40 

L 




64c 

166.0 

180 





ND 




65a-65c 

166.0 

180 





CAL 




66a 

166.0 

180 

0 

15.60 

7.60 

20.61 

L 

6, 

. 200 3 

7.44 

66b 

166.0 

180 

-5.0 


8.25 

20.63 

L 




66c 

166.0 

180 

+5.0 


7.10 

20.61 

L 




67a 

166.0 

180 

0 

14.05 

6.05 

20.91 

L 

1. 

.009 4 

8.18 

67b 

166.0 

180 

-5.0 


5.50 

20.95 

L 




67c 

166.0 

180 

+5.0 


6.75 

20.92 

L 




68a 

166.0 

180 

0 

12.16 

4.16 

21.45 

L 

1, 

.842 4 

9.30 

68b 

166.0 

180 

-5.0 


4.50 

21.45 

L 




68c 

166.0 

180 

+5.0 


3.90 

21.43 

L 




69a- 69c 

166.0 

180 





ND 




70a 

166.0 

180 

0 

10.57 

2.57 

21.89 

T 

3, 

. 503 4 

10.47 

70b 

166.0 

180 

-5.0 


2.55 

21.90 

T 




70c 

166.0 

180 

+5.0 


2.62 

21.89 

T 




71a 

166.0 

180 

0 

13.25 

5.25 

22.10 

T 

2, 

.303 4 

8.69 

71b 

166.0 

180 

-5.0 


5.95 

22.10 

T 




71c 

166.0 

180 

+5.0 


4.75 

22.10 

LT 




72a-75c 

166.0 

150 





ND 




76a 

166.0 

150 

0 

20.88 

12.88 

20.41 

L 

1 

. 963 3 

5.60 

76b 

166.0 

150 





ND 




76c 

166.0 

150 

+5.0 


14.15 

20.40 

L 




77a 

166.0 

150 

0 

21.40 

13.40 

20.60 

ND at 0° 
L at -2° 

2, 

,393 3 

5.47 

77b 

166.0 

150 

-5.0 


15.00 

20.60 

L 




77c 

166.0 

150 

+5.0 


11.97 

20.60 

ND at +5° 
L at +6° 




78a 

166.0 

150 

0 

12.08 

4.08 

20.90 

L 

1 

,485 4 

9.30 

78b 

166.0 

150 

-5.0 


3.96 

20.95 

L 




78c 

166.0 

150 



1 


ND 




79a 

166.0 

150 

0 

15.99 

7.99 

21.43 

T 

8, 

. 634 3 

7.30 

79b 

166.0 

150 

-5.0 


9.17 

21.40 

T 




79c 

166.0 

150 

+5.0 


6.90 

21.40 

T 
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Table IX (continued) 


Case 

No. 

(inches) 

4>s 

(deg) 

* 

(deg) 

e L 

(deg) 

“T 

(deg) 

M 

» 


Local 

B.L. 

!V 

a 


80a 

166.0 

150 







ND 




80b 

166.0 

150 

-5.0 


4.42 

21 

.63 


T 




80c 

166.0 

150 







ND 




81a 

166.0 

150 

0 

10.74 

2.74 

21 

.88 


T 

3.365 4 

10. 

34 

81b 

166.0 

150 

-5.0 


2.84 

21 

.85 


T 




81c 

166.0 

150 

+5.0 


2.66 

21 

.85 


T 




82a 

166.0 

150 

0 

19.16 

11.16 

22 

.08 

ND 

L 

at 0° 
at -3° 

7.655 3 

6. 

15 

82b 

166.0 

150 

-5.0 


11.60 

22 

.05 


T 




82c 

166.0 

150 

+5.0 


10.40 

22 

.10 

ND 

T 

at +5° 
at +7° 





Case Nos. 83-152 Measurements off Windward Ray— Type a (See Section 4.3.3. 2); 


83 

32.75 

180 

-30.09 

19.55 

13.45 

20.6 

LT 

84 

32.75 

180 

-25.42 

18.84 

12.06 

20.6 

LT 

85 

32.75 

180 

-19.68 

8.06 

10.71 

20.6 

LT 

86 

32.75 

180 

-12.77 

17.19 

9.43 

20.6 

LT 

87 

47.5 

0 

-76.22 

8.78 

3.33 

22.16 

T 

88 

47.5 

0 

-45.36 

11.20 

4.57 

22.16 

T 

89 

47.5 

0 

-27.72 

14.89 

7.80 

22.00 

T 

90 

47.5 

0 

-21.04 

16.34 

8.95 

22.00 

T 

91 

47.5 

0 

-15.73 

17.50 

9.88 

22.00 

LT 

92 

67.0 

180 

63.25 

14.44 

14.94 

20.45 

L 

93 

67.0 

180 

68.34 

12.78 

13.61 

20.49 

L 

94 

67.0 

180 

73.19 

11.35 

12.25 

20.50 

LT 

95 

67.0 

180 

-30.09 

19.55 

13.45 

20.61 

LT 

96 

67.0 

180 

-25.42 

18.84 

12.06 

20.62 

T 

97 

67.0 

180 

-19.68 

18.06 

10.71 

20.62 

T 

98 

67.0 

180 

-12.77 

17.19 

9.43 

20.63 

LT 

99 

67.0 

180 

-70.99 

9.25 

3.90 

20.93 

L 

100 

67.0 

180 

-38.36 

11.05 

3.90 

20.95 

L 

101 

67.0 

180 

-72.39 

8.98 

3.29 

21.66 

L 
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Table IX (continued) 


Case 

No. 

X s 

(inches) 

102 

67.0 

103 

67.0 

104 

67.0 

105 

67.0 

106 

67.0 

107 

67.0 

108 

67.0 

109 

67.0 

no 

67.0 

111 

67.0 

112 

67.0 

113 

67.0 

114 

67.0 

115 

67.0 

116 

67.0 

117 

67.0 

118 

67.0 

119 

88.0 

120 

88.0 

121 

88.0 

122 

88.0 

123 

88.0 

124 

88.0 

125 

88.0 

126 

88.0 

127 

88.0 

128 

88.0 

129 

88.0 

130 

88.0 

131 

139.0 

132 

139.0 

133 

139.0 


<j>s 

(dig) 

If, 

Idea). 

e L 

(deg) 

180 

-83.12 

8.78 

180 

-57.56 

9.99 

180 

-24.77 

10.41 

180 

20.50 

10.61 

180 

51.60 

10.42 

180 

68.20 

10.05 

180 

79.07 

9.33 

180 

88.35 

8.16 

180 

-65.80 

10.62 

180 

-59.44 

12.05 

180 

-52.95 

13.49 

180 

-41.27 

16.74 

180 

-37.35 

17.26 

180 

-32.33 

17.56 

180 

-21.98 

16.95 

180 

-16.85 

15.92 

180 

- 9.08 

14.53 

0 

-34.49 

19.82 

0 

- 9.39 

23.65 

0 

- 5.49 

23.28 

0 

43.65 

14.88 

0 

48.66 

15.10 

0 

53.15 

15.12 

0 

81.64 

9.54 

0 

86.53 

8.50 

0 

-43.10 

12.75 

0 

-31.48 

12.08 

0 

- 8.96 

11.12 

0 

37.60 

9.94 

180 

-38.49 

15.80 

180 

-32.20 

15.16 

180 

44.87 

10.20 
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a T 

Idkl 

M 

oo 

Local 

B.L. 

7.04 

21.89 

LT 

3.73 

21.90 

LT 

2.66 

21.91 

T 

2.78 

21.92 

LT 

3.92 

21.92 

LT 

5.61 

21.93 

T 

7.37 

21.93 

T 

9.09 

21.94 

LT 

6.51 

22.05 

T 

8.10 

22.06 

T 

9.48 

22.07 

T 

11.76 

21.00 

T 

11.76 

21.01 

T 

11.39 

21.02 

T 

9.68 

21.03 

T 

8.28 

21.03 

T 

6.62 

21.04 

T 

14.49 

20.70 

T 

15.88 

21.58 

T 

15.35 

21.59 

T 

9.61 

21.80 

T 

10.91 

21.81 

T 

12.13 

21.81 

LT 

11.87 

21.87 

T 

10.43 

21.87 

LT 

6.55 

22.02 

T 

4.80 

22.03 

T 

3.16 

22.04 

T 

2.45 

22.05 

T 

10.05 

21.44 

T 

8.50 

21.44 

L 

3.12 

21.45 

T 



Table IX (continued) 


Case 

No. 

(inches) 

*S 

(deg) 

* 

.te). 

e L 

Mai 

a T 

(deg) 

M 

oo 

Local 

B.L. 

134 

139.0 

180 

82.72 

8.44 

3.61 

21.45 

T 

135 

166.0 

180 

23.74 

17.83 

10.78 

21.00 

LT 

136 

166.0 

180 

33.04 

19.19 

13.47 

21.00 

LT 

137 

166.0 

180 

56.00 

18.20 

19.10 

21.07 

L 

138 

166.0 

180 

56.90 

17.96 

19.10 

21.10 

T 

139 

166.0 

180 

59.30 

17.22 

18.98 

21.11 

T 

140 

166.0 

180 

-75.64 

11.57 

15.74 

21.36 

T 

141 

166.0 

180 

-72.08 

12.58 

16.03 

21.37 

T 

142 

166.0 

180 

-68.47 

13.50 

15.92 

21.38 

T 

143 

166.0 

180 

-56.53 

15.93 

14.85 

21.40 

T 

144 

166.0 

180 

-52.48 

16.32 

14.01 

21.40 

T 

145 

166.0 

150 

-84.13 

8.56 

5.96 

20.40 

T 

146 

166.0 

150 

-66.06 

10.40 

6.01 

20.40 

T 

147 

166.0 

150 

-62.18 

13.83 

12.93 

21.33 

T 

148 

166.0 

150 

-57.63 

15.19 

13.85 

21.33 

T 

149 

166.0 

150 

-53.22 

16.56 

14.69 

21.34 

T 

150 

166.0 

150 

-38.47 

20.27 

15.92 

21.38 

T 

151 

166.0 

150 

-26.53 

21.20 

14.85 

21.40 

T 

152 

166.0 

150 

-22.48 

20.89 

14.01 

21.40 

T 

Case Nos. 

153-175 Measurements 

off Windward Ray--Type b (See 

Section 4 

.3.3.2) 

153a 

32.75 

0 

-26.41 

36.35 

32.40 

24.44 

L 

153b 

47.5 

0 

-26.41 

36.35 

32.40 

24.44 

L 

153c 

88.0 

0 

-26.41 

36.35 

32.40 

24.44 

L 

1 54a-l 54b 







ND 

154c 

88.0 

0 

24.87 

37.86 

33.66 

22.48 

L 

155a 

32.75 

0 

29.20 

33.73 

30.21 

21.30 

L 

155b 

47.5 

0 

29.20 

33.73 

30.21 

21.30 

L 

155c 

88.0 

0 

29.20 

33.73 

30.21 

21.30 

L 

156a 

32.75 

0 

25.05 

25.06 

18.99 

20.51 

L 

156b 

47.5 

0 

25.05 

25.06 

18.99 

20.51 

L 

156c 

88.0 

0 

25.05 

25.06 

18.99 

20.51 

L 
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Table IX (continued) 


Case 

No. 

(inches) 

4> s 

(dig) 

* 

(deg) 

0L 

Ideal 

“T 

(deg) 

M 

oo 

Local 

B.L. 

157a 

32.75 

0 

47.45 

14.34 

9.49 

20.50 

L 

157b 

47.5 

0 

47.45 

14.34 

9.49 

20.50 

L 

157c 

88.0 

0 

47.45 

14.34 

9.49 

20.50 

L 

158a 

32.75 

0 

26.04 

19.54 

12.91 

20.84 

L 

158b 

47.5 

0 

26.04 

19.54 

12.91 

20.84 

L 

158c 

88.0 

0 

26.04 

19.54 

12.91 

20.84 

L 

159a 

32.75 

0 

87.82 

8.28 

12.93 

21.32 

L 

159b 

47.5 

0 

87.82 

8.28 

12.93 

21.32 

L 

159c 

88.0 

0 

87.82 

8.28 

12.93 

21.32 

L 

160a 

32.75 

0 

-16.68 

23.91 

16.66 

21.56 

L 

160b 

47.5 

0 

-16.68 

23.91 

16.66 

21.56 

L 

160c 

88.0 

0 





ND 

161a 

32.75 

0 

53.15 

15.12 

12.13 

21.81 

L 

161b 

47.5 

0 

53.15 

15.12 

12.13 

21.81 

L 

161c 

88.0 

0 

53.15 

15.12 

12.13 

21.81 

T 

162a 

32.75 

0 

-56.27 

13.18 

9.50 

22.35 

L 

162b 

47.5 

0 

-56.27 

13.18 

9.50 

22.35 

L 

162c 

88.0 

0 

-56.27 

13.18 

9.50 

22.35 

T 

163a 

32.75 

180 

41.33 

39.85 

47.30 

25.40 

L 

163b 

67.0 

180 

41.33 

39.85 

47.30 

25.40 

L 

163c 

139.0 

180 

41.33 

39.85 

47.30 

25.40 

L 

163d 

166.0 

180 

41.33 

39.85 

47.30 

25.40 

L 

164a 

32.75 

180 

31.53 

24.73 

19.91 

23.35 

L 

164b 

67.0 

180 

31.53 

24.73 

19.91 

23.35 

L 

164c 

139.0 

180 

31.53 

24.73 

19.91 

23.35 

L 

164d 

166.0 

180 

31.53 

24.73 

19.91 

23.35 

L 

165a 

32.75 

180 

44.74 

18.69 

15.36 

20.40 

L 

165b 

67.0 

180 

44.74 

18.69 

15.36 

20.40 

L 

165c 

139.0 

180 

44.74 

18.69 

15.36 

20.40 

L 

165d 

166.0 

180 

44.74 

18.69 

15.36 

20.40 

L 

166a 

32.75 

180 

55.34 

17.41 

17.16 

20.45 

L 

166b 

67.0 

180 

55.34 

17.41 

17.16 

20.45 

L 
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Table IX (continued) 


Case 

No. 

x s 

(inches) 

(deq) 

* 

ideal 

e L 

(deg) 

a T 

(deg) 

M 

00 

Local 

B.L. 

166c 

139.0 

180 

55.34 

17.41 

17.16 

20.45 

L 

166d 

166.0 

180 

55.34 

17.41 

17.16 

20.45 

L 

167a 

32.75 

180 

-38.93 

20.20 

15.94 

20.60 

L 

167b 

67.0 

180 

-38.93 

20.20 

15.94 

20.60 

L 

167c 

139.0 

180 

-38.93 

20.20 

15.94 

20.60 

L 

167d 

166.0 

180 

-38.93 

20.20 

15.94 

20.60 

L 

168a 

32.75 

180 

-48.48 

16.38 

12.88 

21.40 

L 

168b 

67.0 

180 

-48.48 

16.38 

12.88 

21.40 

L 

168c 

139.0 

180 

-48.48 

16.38 

12.88 

21.40 

LT 

168d 

166.0 

180 

-48.48 

16.38 

12.88 

21.40 

T 

169 

166.0 

150 

10.45 

43.24 

36.01 

25.40 

L 

170 

166.0 

150 

32.84 

26.09 

21.92 

20.42 

L 

171 

166.0 

150 

-28.96 

26.77 

21.75 

20.56 

L 

172 

166.0 

150 

53.74 

14.26 

10.78 

21.00 

L 

173 

166.0 

150 

-26.53 

21.20 

14.85 

21.40 

T 

174 

166.0 

150 

44.32 

16.51 

12.07 

21.69 

T 

175 

166.0 

150 

-63.47 

12.53 

10.43 

22.25 

T 
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ROLL ANGLE ATTITUDE, a (DEG) 







Figure 4. Definition of Vehicle Attitude Angles 



Pitch angle-of-attack, a 

This is defined as the angle between the vehicle velocity vector and 
the vehicle axis, projected to lie in the plane of the trajectory. 
Vehicle nose pitch up is positive 

Yaw angle-of-attack, B 

This is defined as the angle between the plane of the trajectory and 
the vehicle axis projected to lie in the plane formed by the vehicle 
velocity vector and the local horizontal. Vehicle nose yaw to the 
right of the trajectory as seen from the rear of the vehicle is 
positive. 

Roll attitude angle, <j> r - 

This is defined as the angle of the roll attitude gyroscope. The 
roll attitude is zero when the +Z axis of the vehicle lies in the 
plane of the trajectory and points upward. The roll attitude angle is 
positive when the vehicle rotates clockwise, as seen from the rear 
of the vehicle. 
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Figure 8. Pressure Gauge Block Diagram 
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Figure 10.- Example of Electrostatic Probe Current-Voltage 
Characteristic Measured under Laminar Flow 
Conditions— Flight 2 
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Figure 13. Flight 1 Electrostatic Probe Locations 
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Figure 14. Flight 2 Electrostatic Probe Locations 
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Figure 15. Typical Calculated Local Angles-of-Attack and 
Sensor Angles Relative to the Windward Meridian 

FLIGHT 1 - CHANNEL 3 SENSOR 
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16. Flight 2 Sound Pressure Level and Local 

Angle-of -Attack Histories - Channel 3 Sensor 

X « 88", * s = 101° 
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RMS SOUND PRESSURE LEVEL, SPL (db) / nFn 


Figure 17. Flight 2 Sound Pressure Level and Local 

Angle-of -Attack Histories - Channel 4 Sensor 

X = 166", * s * 110° 
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Figure 19. Determination of Transition Altitude From Base Pressure Response 



ALTITUDE, h (KM) 






Figure 20. Electrostatic Probe Current-Voltage Characteristic 
with Fluctuations of Type 1 (see Section 4.2.3)— 
Flight 2 
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Figure 22. Flight 2 Boundary Layer Transition Altitudes 
Versus Vehicle Axial Station 
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Figure 23. Transition Altitudes Versus Vehicle Axial Station for 

an Ablating Vehicle (Flight 3) 


O ACOUSTIC SENSOR DATA 
O VEHICLE THERMOCOUPLE DATA 
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Figure 24. Flight 1 Sound Pressure Level Data - Channel 3 Sensor 

X = 88", + s = 101° 
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Figure 25. Flight 1 Sound Pressure Level Data - Channel 4 Sensor 
X = 156", $ s = 110° 


-Q 

*U 


D- 

OO 


160 

ffTTTT 

156 

I 

r 

152 

E 

P 

148 

E 

c- . 

144 1 

L ' : 


GO 

CO 


a: 

D- 


1 1 1 m 1 1 1 1 1 u 1 1 1 itttf tt r i riiii 1 1 m 1 1 1 1 1 1 1 1 1 m ii 1 1 1 1 1 1 1 1 f 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 m 1 1 ( 1 1 1 ii fir r n~c 


£ 140 r 


136 F. 


S 132 =- 


E ' 


° r 

4/1 128 

(/> 


124 I 


120 


SENSOR SATURATION LEVEL 


1 1 1 i i u ' i 1 1 1 1 1 u i i 1 1 1 1 1 ii 1 1 1 i i n 1 1 1 i l.i i 1 1 ■ i : ; , i 1 1 i i i 1 1 n mi 1 1 1 1 1 1 1 1 1 1 i n 1 1 1 1 1 1 n n 1 m d 


50 48 46 44 42 40 38 36 34 32 


ALTITUDE, h (KM) 




ALTITUDE, h (KM) 


rrmirrmiTf 


Local Angle-of-Attack Ratio of . RM ;> Pressure Fluctuation Level Vehicle Total Angle -of- 

at Sensor, e. (deg) to D y namic Pressure at Sensor, P/q c Attack, « T (deg) 


5 


Fli 



Figure 27 

it 1 Surface Pressure Fluctuation and Total 
and Local Angle-of-Attack Histories 


Channel 3 Sensor, X = 88", <p c 
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Figure 28 

Flight 1 Surface Pressure Fluctuation and Tota 
and Local Angle-of-Attack Histories 
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Figure 31. Flight 1 Base Pressure and Total Angle- 
of -Attack Variation With Altitude 

• 0.01 Psla Gauge Range 
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Figure 35. Example of Electrostatic Probe Current- Voltage 
Characteristic Measured under Turbulent Flow 
Conditions— Flight 1 
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Figure 36. Example of Onset of Fluctuations in Electrostatic 
Probe Current-Voltage Characteristic —Flight 1 
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Figure 37. Flight 1 Boundary Layer Transition 
Altitudes Based on Thermocouple Data 
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Figure 39. Inviscid Surface Streamlines for 
a Total Angle-of-Attack of 12 Degrees 
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Figure 40. Inviscid Streamlines for a Total 
Angle-of-Attack of 28 Degrees 
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Figure 43. Local Mach Number As A 
Function of Azimuthal Angle 



- 127 - 





Figure 45. Variation of Local Flow Conditions and 
Corresponding Relation to Presumed 
Transition Correlations 
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Figure 48. Correlation of Acoustic Sensor Transition Data with R^ Versus 
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Figure 49. Correlation of Acoustic Sensor Transition Data 

With R 0 Versus M^ 
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Figure 50. Correlation of Acoustic Sensor Transition Data 

With R { * Versus M^ 
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LOCAL REYNOLDS NUMBER BASED ON DISPLACEMENT THICKNESS 


Figure 51. Correlation of Electrostatic Probe Transition Data 
with R fi * Versus M^ 
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Figure 52. Correlation of Acoustic Sensor and Electrostatic 
Probe Transition Data with R fi * Versus Mj^ 
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APPENDIX A 


FLIGHT 2 THERMOCOUPLE TEMPERATURE HISTORY DATA 


Temperature histories of the eight thermocouples on the Flight 2 
vehicle are tabulated in this appendix. The temperature data in degrees 
Fahrenheit are presented as a function of time after liftoff, TALO In 
seconds. Trajectory support data including the time, altitude, vehicle 
centerline angle-of-attack, and freestream Mach number, velocity, density, 
temperature and pressure are presented In Tables I and II of the 
addendum to this report. Reference 3. 
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Table AI 

Flight 2 Thermocouple Data 
Thermocouple Ho. 145% X-= 31.87", $<. = 225° 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1608.0 

51.71 

1611.8 

93.59 

1609.0 

51.71 

1611.9 

54.17 

1609.2 

51.71 

1612.0 

54.17 

1609.3 

54.17 

1612.1 

54.17 

1609.4 

54.17 

1612.2 

54.17 

1609.5 

54.17 

1612.3 

56.64 

1609.6 

54.17 

1612.4 

56.64 

1609.7 

54.17 

1612.5 

56.64 

1609.8 

54.17 

1612.6 

56.64 

1609.9 

54.17 

1612.7 

56.64 

1610.0 

54.17 

1612.8 

56.64 

1610.1 

54.17 

1612.9 

56.64 

1610.2 

54.17 

1613.0 

56.64 

1610.3 

54.17 

1613.1 

56.64 

1610.4 

54.17 

1613.2 

56.64 

1610.5 

54.17 

1613.3 

56.64 

1610.6 

54.17 

1613.4 

56.64 

1610.7 

54.17 

1613.5 

56.64 

1610.8 

54.17 

1613.6 

56.64 

1610.9 

54.17 

1613.7 

56.64 

1611.0 

54.17 

1613.8 

56.64 

1611.1 

54.17 

1613.9 

56.64 

1611.2 

54.17 

1614.0 

59.10 

1611.3 

54.17 

1614.1 

59.10 

1611.4 

54.17 

1614.2 

59.10 

1611.5 

93.59 

1614.3 

59.10 

1611.6 

54.17 

1614.4 

59.10 

1611.7 

54.17 

1614.5 

59.10 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1614.6 

59.10 

1617.4 

68.96 

1614.7 

59 ; 10 

1617.5 

68.96 

1614.8 

59.10 

1617.6 

68.96 

1614.9 

59.10 

1617.7 

71.42 

1615.0 

61.57 

1617.8 

71.42 

1615.1 

61.57 

1617.9 

71.42 

1615.2 

61.57 

1618.0 

71.42 

1615.3 

61.57 

1618.1 

71.42 

1615.4 

61.57 

1618.2 

71.42 

1615.5 

61.57 

1618.3 

71.42 

1615.6 

61.57 

1618.4 

73.88 

1615.7 

61.57 

1618.5 

73.88 

1615.8 

64.03 

1618.6 

73.88 

1615.9 

64.03 

1618.7 

73.88 

1616.0 

64.03 

1618.8 

76.35 

1616.1 

64.03 

1618.9 

78.81 

1616.2 

64.03 

1619.0 

78.81 

T616.3 

66.49 

1619.1 

78.81 

1616.4 

66.49 

1619.2 

78.81 

1616.5 

66.49 

1619.3 

78.81 

1616.6 

66.49 

1619.4 

81.28 

1616.7 

66.49 

1619.5 

81.28 

1616.8 

66.49 

1619.6 

83.74 

1616.9 

66.49 

1619.7 

83.74 

1617.0 

66.49 

1619.8 

83.74 

1617.1 

68.96 

1619.9 

83.74 

1617.2 

68.96 

1620.0 

83.74 

1617.3 

68.96 

1620.1 

88.67 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 145 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1620.2 

88.67 

1623.0 

115.40 

1620.3 

86.20 

1623.1 

115.40 

1620.4 

86.20 

1623.2 

117.81 

1620.5 

88.67 

1623.3 

117.81 

1620.6 

91.13 

1623.4 

117.81 

1620.7 

91.13 

1623.5 

120.22 

1620.8 

91.13 

1623.6 

122.62 

1620.9 

93.59 

1623.7 

120.22 

1621.0 

93.59 

1623.8 

125.03 

1621.1 

93.59 

1623.9 

125.03 

1621.2 

93.59 

1624.0 

125.03 

1621.3 

93.59 

1624.1 

125.03 

1621.4 

96.06 

1624.2 

127.44 

1621.5 

96.06 

1624.3 

127.44 

1621.6 

98.52 

1624.4 

129.84 

1621.7 

100.96 

1624.5 

132.25 

1621.8 

100.96 

1624.6 

134.66 

1621.9 

103.37 

1624.7 

139.47 

1622.0 

105.78 

1624.8 

137.06 

1622.1 

105.78 

1624.9 

141.88 

1622.2 

105.78 

1625.0 

141 .88 

1622.3 

105.78 

1625.1 

144.28 

1622.4 

108.18 

1625.2 

144.28 

1622.5 

110.59 

1625.3 

149.10 

1622.6 

110.59 

1625.4 

151.50 

1622.7 

113.00 

1625.5 

153.91 

1622.8 

115.40 

1625.6 

156.32 

1622.9 

113.00 

1625.7 

156.32 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1625.8 

156.32 

1628.6 

233.33 

1625.9 

161.13 

1628.7 

238.15 

1626.0 

161.13 

1628.8 

238.15 

1626.1 

165.95 

1628.9 

242.96 

1626.2 

165.95 

1629.0 

245.37 

1626.3 

170.76 

1629.1 

250.18 

1626.4 

173.17 

1629.2 

250.18 

1626.5 

175.57 

1629.3 

252.59 

1626.6 

175.57 

1629.4 

257.40 

1626.7 

177.98 

1629.5 

259.81 

1626.8 

182.79 

1629.6 

262.21 

1626.9 

182.79 

1629.7 

267.03 

1627.0 

187.61 

1629.8 

271 .84 

1627.1 

192.42 

1629.9 

274.25 

1627.2 

192.42 

1630.0 

279.06 

1627.3 

194.83 

1630.1 

283.88 

1627.4 

194.83 

1630.2 

288.69 

1627.5 

199.64 

1630.3 

291.10 

1627.6 

202.05 

1630.4 

298.31 

1627.7 

206.86 

1630.5 

300.74 

1627.8 

209.27 

1630.6 

308.10 

1627.9 

214.08 

1630.7 

310.55 

1628.0 

214.08 

1630.8 

315.46 

1628.1 

218.89 

1630.9 

317.91 

1628.2 

221 .30 

1631 .0 

325.28 

1628.3 

223.71 

1631.1 

327.73 

1628.4 

226.11 

1631.2 

332.64 

1628.5 

230.93 

1631.3 

337.55 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 145 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1631.4 

342.45 

1634.2 

633.17 

1631.5 

349.82 

1634.3 

647.49 

1631.6 

354.72 

1634.4 

661.81 

1631.7 

359.63 

1634.5 

685.68 

1631.8 

366.99 

1634.6 

702.34 

1631.9 

374.36 

1634.7 

723.36 

1632.0 

379.26 

1634.8 

753.74 

1632.1 

384.17 

1634.9 

765.42 

1632.2 

389.08 

1635.0 

786.45 

1632.3 

396.44 

1635.1 

812.15 

1632.4 

408.71 

1635.2 

868.22 

1632.5 

416.07 

1635.3 

905.57 

1632.6 

423.44 



1632.7 

430.80 



1632.8 

440.61 



1632.9 

452.88 



1633.0 

465.15 



1633.1 

484.79 



1633.2 

494.60 



1633.3 

506.68 



1633.4 

521.00 



1633.5 

532.94 



1633.6 

544.87 



1633.7 

559.19 



1633.8 

571.12 



1633.9 

585.44 



1634.0 

602.15 



1634.1 

616.47 
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Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 146, X = 77.45", 4> s = 225° 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1608.0 

68.96 

1611.7 

71.42 

1609.0 

68.81 

1611.8 

71.42 

1609.1 

108.18 

1611.9 

71.42 

1609.2 

69.10 

1612.0 

71.42 

1609.3 

68.96 

1612.1 

71.42 

1609.4 

68.96 

1612.2 

71.42 

1609.5 

68.96 

1612.3 

71.42 

1609.6 

68.96 

1612.4 

71.42 

1609.7 

68.96 

1612.5 

71 .42 

1609.8 

68.96 

1612.6 

71.42 

1609.9 

68.96 

1612.7 

71 .42 

1610.0 

68.96 

1612.8 

71.42 

1610.1 

68.96 

1612.9 

71.42 

1610.2 

68.96 

1613.0 

71.42 

1610.3 

68.96 

1613.1 

71.41 

1610.4 

68.95 

1613.2 

73.88 

1610.5 

71.42 

1613.3 

73.88 

1610.6 

68.96 

1613.4 

73.88 

1610.7 

71.41 

1613.5 

73.88 

1610.8 

71.42 

1613.6 

73.88 

1610.9 

71.42 

1613.7 

73.88 

1611.0 

71.42 

1613.8 

73.88 

1611.1 

71.42 

1613.9 

73.88 

1611.2 

71.42 

1614.0 

73.88 

1611.3 

71.42 

1614.1 

73.88 

1611.4 

71.42 

1614.2 

73.88 

1611.5 

71.42 

1614.3 

73.88 

1611.6 

71.42 

1614.4 

73.88 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1614.5 

73.88 

1617.3 

83.74 

1614.6 

76.34 

1617.4 

83.73 

1614.7 

76.35 

1617.5 

86.19 

1614.8 

76.35 

1617.6 

86.20 

1614.9 

76.35 

1617.7 

86.20 

1615.0 

76.35 

1617.8 

86.20 

1615.1 

76.35 

1617.9 

86.19 

1615.2 

76.35 

1618.0 

88.66 

1615.3 

76.35 

1618.1 

88.67 

1615.4 

76.35 

1618.2 

88.67 

1615.5 

76.34 

1618.3 

88.67 

1615.6 

78.80 

1618.4 

88.67 

1615.7 

78.81 

1618.5 

88.67 

1615.8 

78.81 

1618.6 

88.67 

1615.9 

78.81 

1618.7 

88.66 

1616.0 

78.81 

1618.8 

91.12 

1616.1 

78.81 

1618.9 

91 .13 

1616.2 

78.81 

1619.0 

91 .12 

1616.3 

78.81 

1619.1 

93.59 

1616.4 

78.81 

1619.2 

93.59 

1616.5 

78.80 

1619.3 

93.59 

1616.6 

81.27 

1619.4 

93.59 

1616.7 

81.28 

1619.5 

96.05 

1616.8 

81.28 

1619.6 

96.06 

1616.9 

81.28 

1619.7 

96.06 

1617.0 

81.27 

1619.8 

96.06 

1617.1 

83.73 

1619.9 

96.05 

1617.2 

83.74 

1620.0 

98.51 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 146 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

o m 


1620.1 

98.52 

1622.9 

120.22 

1620.2 

98.52 

1623.0 

120.22 

1620.3 

98.52 

1623.1 

120.22 

1620.4 

98.52 

1623.2 

120.20 

1620.5 

98.52 

1623.3 

125.02 

1620.6 

98.51 

1623.4 

122.61 

1620.7 

100.95 

1623.5 

127.42 

1620.8 

100.95 

1623.6 

127.43 

1620.9 

103.36 

1623.7 

129.84 

1621.0 

103.36 

1623.8 

129.84 

1621.1 

105.77 

1623.9 

129.84 

1621.2 

105.78 

1624.0 

129.84 

1621.3 

105.78 

1624.1 

132.22 

1621.4 

105.77 

1624.2 

137.05 

1621.5 

108.17 

1624.3 

137.06 

1621.6 

110.58 

1624.4 

139.46 

1621.7 

110.59 

1624.5 

139.46 

1621.8 

110.56 

1624.6 

141.87 

1621.9 

117.80 

1624.7 

141.87 

1622.0 

113.01 

1624.8 

144.28 

1622.1 

112.99 

1624.9 

144.28 

1622.2 

115.39 

1625.0 

146.67 

1622.3 

115.40 

1625.1 

149.09 

1622.4 

115.40 

1625.2 

149.09 

1622.5 

115.39 

1625.3 

151.50 

1622.6 

120.20 

1625.4 

151.50 

1622.7 

120.22 

1625.5 

153.89 

1622.8 

120.22 

1625.6 

156.31 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1625.7 

156.31 

1628.5 

206.85 

1625.8 

158.71 

1628.6 

209.24 

1625.9 

161.12 

1628.7 

214.05 

1626.0 

161.12 

1628.8 

216.47 

1626.1 

163.53 

1628.9 

218.88 

1626.2 

163.54 

1629.0 

221.28 

1626.3 

163.53 

1629.1 

223.69 

1626.4 

165.94 

1629.2 

226.10 

1626.5 

165.95 

1629.3 

226.09 

1626.6 

165.94 

1629.4 

233.30 

1626.7 

168.33 

1629.5 

235.72 

1626.8 

170.75 

1629.6 

238.13 

1626.9 

170.74 

1629.7 

240.54 

1627.0 

175.55 

1629.8 

242.94 

1627.1 

175.56 

1629.9 

245.36 

1627.2 

177.97 

1630.0 

245.34 

1627.3 

177.97 

1630.1 

252.55 

1627.4 

180.36 

1630.2 

254.99 

1627.5 

185.17 

1630.3 

254.97 

1627.6 

187.60 

1630.4 

262.18 

1627.7 

187.59 

1630.5 

264.59 

1627.8 

192.40 

1630.6 

271.81 

1627.9 

192.41 

1630.7 

274.22 

1628.0 

194.81 

1630.8 

277.88 

1628.1 

197.21 

1630.9 

599.68 

1628.2 

202.02 

1631 .0 

297.00 

1628.3 

204.44 

1631.1 

303.12 

1628.4 

206.85 

1631 .2 

315.34 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 146 


TALO 

(SEC) 

TEMP 

(°F) 

1631.3 

334.92 

1631.4 

361.90 

1631.5 

386.43 

1631.6 

415.86 

1631 .7 

445.30 

1631.8 

474.71 

1631.9 

515.98 

1632.0 

542.25 

1632.1 

580.44 

1632.2 

604.36 

1632.3 

628.25 

1632.4 

644.96 

1632.5 

668.78 

1632.6 

697.41 

1632.7 

723.20 

1632.8 

741.89 

1632.9 

767.58 

1633.0 

790.93 

1633.1 

818.95 

1633.2 

846.98 

1633.3 

877.36 

1633.4 

905.36 

1633.5 

933.20 

1633.6 

963.34 

1633.7 

995.81 

1633.8 

1030.59 

1633.9 

1067.72 

1634.0 

1102.55 


TALO TEMP 

(SEC) (°F) 


1634.1 1140.08 

1634.2 1182.34 

1634.3 1219.90 

1634.4 1259.78 

1634.5 1306.80 

1634.6 1354.47 

1634.7 1404.51 

1634.8 1456.97 

1634.9 1502.32 

1635.0 1558.49 

1635.1 1619.57 

1635.2 1687.99 

1635.3 1760.83 
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TALO 

(SEC) 


1608.0 

1609.0 

1610.0 

1610.6 

1610.7 

1610.8 

1610.9 

1611.0 

1611.1 

1611.2 

1611.3 

1611.4 

1611.5 

1611.6 

1611.7 

1611.8 

1611.9 

1612.0 

1612.1 

1612.2 

1612.3 

1612.4 

1612.5 

1612.6 

1612.7 

1612.8 

1612.9 
1613.0 


Table AI (continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 147, X = 123.53", = 225° 


TEMP 

(°E) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 
( °F) 

55.96 

1613.1 

58.96 

1615.9 

63.45 

1618.7 

70.94 

55.96 

1613.2 

58.96 

1616.0 

63.45 

1618.8 

70.94 

55.96 

1613.3 

58.96 

1616.1 

63.45 

1618.9 

70.93 

55.95 

1613.4 

58.96 

1616.2 

63.45 

1619.0 

72.42 

57.45 

1613.5 

58.96 

1616.3 

63.45 

1619.1 

72.42 

57.46 

1613.6 

58.96 

1616.4 

63.45 

1619.2 

73.93 

57.46 

1613.7 

58.96 

1616.5 

63.44 

1619.3 

73.93 

57.46 

1613.8 

58.96 

1616.6 

64.94 

1619.4 

75.43 

57.46 

1613.9 

58.96 

1616.7 

64.95 

1619.5 

75.44 

57.46 

1614.0 

58.95 

1616.8 

64.95 

1619.6 

75.44 

57.46 

1614.1 

60.45 

1616.9 

64.94 

1619.7 

75.43 

57.46 

1614.2 

60.46 

1617.0 

66.44 

1619.8 

76.92 

57.46 

1614.3 

60.46 

1617.1 

66.45 

1619.9 

76.93 

57.46 

1614.4 

60.46 

1617.2 

66.45 

1620.0 

76.93 

57.46 

1614.5 

60.46 

1617.3 

66.45 

1620.1 

76.92 

57.46 

1614.6 

60.46 

1617.4 

66.44 

1620.2 

78.42 

57.46 

1614.7 

60.46 

1617.5 

67.94 

1620.3 

78.43 

57.46 

1614.8 

60.46 

1617.6 

67.95 

1620.4 

78.43 

57.46 

1614.9 

60.46 

1617.7 

67.95 

1620.5 

78.42 

57.46 

1615.0 

60.46 

1617.8 

67.95 

1620.6 

79.92 

57.46 

1615.1 

60.46 

1617.9 

67.94 

1620.7 

79.93 

57.46 

1615.2 

60.45 

1618.0 

69.43 

1620.8 

79.92 

57.46 

1615.3 

61.94 

1618.1 

69.44 

1620.9 

81.42 

57.45 

1615.4 

61.96 

1618.2 

69.44 

1621.0 

81.42 

58.95 

1615.5 

61.96 

1618.3 

69.44 

1621.1 

82.91 

58.96 

1615.6 

61.95 

1618.4 

69.44 

1621.2 

82.91 

58.96 

1615.7 

63.44 

1618.5 

69.43 

1621.3 

84.41 

58.96 

1615.8 

63.45 

1618.6 

70.93 

1621.4 

84.41 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 147 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1621.5 

85.90 

1624.3 

106.37 

1621.6 

87.41 

1624.4 

107.76 

1621.7 

87.42 

1624.5 

109.16 

1621.8 

87.41 

1624.6 

109.16 

1621.9 

88.91 

1624.7 

110.54 

1622.0 

88.92 

1624.8 

111. 93 

1622.1 

88.91 

1624.9 

111.93 

1622.2 

90.40 

1625.0 

113.31 

1622.3 

90.40 

1625.1 

114.70 

1622.4 

91.90 

1625.2 

116.09 

1622.5 

91.90 

1625.3 

117.48 

1622.6 

93.40 

1625.4 

118.88 

1622.7 

93.41 

1625.5 

118.88 

1622.8 

93.41 

1625.6 

120.26 

1622.9 

93.40 

1625.7 

121.66 

1623.0 

94.90 

1625.8 

121 .66 

1623.1 

94.90 

1625.9 

123.04 

1623.2 

96.39 

1626.0 

124.42 

1623.3 

96.39 

1626.1 

125.81 

1623.4 

97.88 

1626.2 

127.21 

1623.5 

99.39 

1626.3 

127.22 

1623.6 

99.39 

1626.4 

127.22 

1623.7 

100.81 

1626.5 

127.22 

1623.8 

102.21 

1626.6 

127.21 

1623.9 

102.22 

1626.7 

128.59 

1624.0 

102.21 

1626.8 

129.97 

1624.1 

103.59 

1626.9 

132.75 

1624.2 

104.98 

1627.0 

134.15 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1627.1 

135.54 

1629.9 

191.05 

1627.2 

136.92 

1630.0 

196.60 

1627.3 

138.31 

1630.1 

200.72 

1627.4 

139.69 

1630.2 

204.57 

1627.5 

142.47 

1630.3 

216.13 

1627.6 

143.87 

1630.4 

242.07 

1627.7 

145.26 

1630.5 

268.15 

1627.8 

146.65 

1630.6 

289.04 

1627.9 

148.04 

1630.7 

306.93 

1628.0 

149.41 

1630.8 

323.02 

1628.1 

152.19 

1630.9 

340.36 

1628.2 

153.59 

1631.0 

355.25 

1628.3 

154.97 

1631.1 

367.64 

1628.4 

157.75 

1631.2 

380.02 

1628.5 

159.15 

1631.3 

392.38 

1628.6 

160.52 

1631.4 

406.94 

1628.7 

163.29 

1631.5 

420.06 

1628.8 

166.08 

1631.6 

431.95 

1628.9 

167.47 

1631.7 

446.21 

1629.0 

170.25 

1631.8 

461 .66 

1629.1 

171 .64 

1631.9 

. 479.52 

1629.2 

174.41 

1632.0 

495.03 

1629.3 

175.80 

1632.1 

507.93 

1629.4 

178.57 

1632.2 

524.17 

1629.5 

181.35 

1632.3 

541 .61 

1629.6 

184.14 

1632.4 

557.88 

1629.7 

185.52 

1632.5 

576.45 

1629.8 

188.29 

1632.6 

598.52 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 147 


TALO 

(SEC) 

TEMP 

(°F) 

1632.7 

620.15 

1632.8 

640.60 

1632.9 

662.18 

1633.0 

684; 91 

1633.1 

705.29 

1633.2 

731.13 

1633.3 

760.40 

1633.4 

787.46 

1633.5 

812.11 

1633.6 

841.09 

1633.7 

870.10 

1633.8 

900.20 

1633.9 

933.59 

1634.0 

965.90 

1634.1 

998.17 

1634.2 

1033.70 

1634.3 

1069.25 

1634.4 

1105.89 

1634.5 

1148.27 

1634.6 

1189.66 

1634.7 

1219.78 

1634.8 

1220.00 

1634.9 

1220.00 

1635.0 

1220.00 

1635.1 

1220,00 

1635,2 

1220.00 

1635.3 

1220.00 
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Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 148, X = 169.62", = 225° 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1608.0 

32.00 

1615.4 

32.00 

1618.2 

36.49 

1621.0 

48.46 

1609.0 

32.00 

1615.5 

32.00 

1618.3 

36.48 

1621.1 

48.48 

1610.0 

32.00 

1615.6 

32.00 

1618.4 

37.96 

1621.2 

48.48 

1611.0 

32.00 

1615.7 

32.00 

1618.5 

39.47 

1621.3 

48.46 

1612.0 

32.00 

1615.8 

32.00 

1618.6 

39.49 

1621.4 

49.96 

1613.0 

32.00 

1615.9 

32.00 

1618.7 

39.49 

1621.5 

49.96 

1613.2 

32.00 

1616.0 

32.00 

1618.8 

39.51 

1621.6 

51.44 

1613.3 

31.98 

1616.1 

31 .98 

1618.9 

37.99 

1621.7 

52.97 

1613.4 

33.50 

1616.2 

33.48 

1619.0 

39.49 

1621.8 

51.49 

1613.5 

32.02 

1616.3 

33.50 

1619.1 

37.98 

1621 .9 

51 .18 

1613.6 

32.00 

1616.4 

33.51 

1619.2 

40.94 

1622.0 

78.40 

1613.7 

32.00 

1616.5 

32.00 

1619.3 

42.47 

1622.1 

53.26 

1613.8 

32.00 

1616.6 

33.48 

1619.4 

42.48 

1622.2 

52.97 

1613.9 

32.00 

1616.7 

33.50 

1619.5 

42.48 

1622.3 

52.95 

1614.0 

32.00 

1616.8 

33.48 

1619.6 

42.48 

1622.4 

54.45 

1614.1 

32.00 

1616.9 

34.98 

1619.7 

42.47 

1622.5 

54.45 

1614.2 

32.00 

1617.0 

35.00 

1619.8 

43.98 

1622.6 

55.95 

1614.3 

32.00 

1617.1 

35.00 

1619.9 

42.50 

1622.7 

55.95 

1614.4 

32.00 

1617.2 

34.98 

1620.0 

42.47 

1622.8 

57.46 

1614.5 

32.00 

1617.3 

36.49 

1620.1 

43.97 

1622.9 

55.97 

1614.6 

32.00 

1617.4 

35.01 

1620.2 

43.98 

1623.0 

57.45 

1614.7 

32.00 

1617.5 

34.98 

1620.3 

43.97 

1623.1 

57.46 

1614.8 

32.00 

1617.6 

36.46 

1620.4 

45.46 

1623.2 

57.45 

1614.9 

32.00 

1617.7 

37.99 

1620.5 

45.48 

1623.3 

58.91 

1615.0 

32.00 

1617.8 

36.51 

1620.6 

45.48 

1623.4 

61 .92 

1615.1 

32.00 

1617.9 

36.49 

1620.7 

45.46 

1623.5 

61.96 

1615.2 

32.00 

1618.0 

36.49 

1620.8 

46.96 

1623.6 

61 .96 

1615.3 

32.00 

1618.1 

36.49 

1620.9 

46.96 

1623.7 

61.94 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 148 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1623.8 

63.44 

1626.6 

87.40 

1623.9 

63.45 

1626.7 

87.92 

1624.0 

63.42 

1626.8 

179.92 

1624.1 

66.42 

1626.9 

92.89 

1624.2 

66.43 

1627.0 

93.38 

1624.3 

67.91 

1627.1 

94.89 

1624.4 

69.43 

1627.2 

94.89 

1624.5 

69.43 

1627.3 

96.36 

1624.6 

70.93 

1627.4 

99.35 

1624.7 

70.94 

1627.5 

100.80 

1624.8 

70.91 

1627.6 

102.21 

1624.9 

73.89 

1627.7 

102.21 

1625.0 

75.42 

1627.8 

103.60 

1625.1 

75.44 

1627.9 

103.60 

1625.2 

75.42 

1628.0 

104.94 

1625.3 

76.90 

1628.1 

109.12 

1625.4 

78.40 

1628.2 

109.14 

1625.5 

79.91 

1628.3 

111.90 

1625.6 

79.93 

1628.4 

113.32 

1625.7 

79.90 

1628.5 

113.32 

1625.8 

82.89 

1628.6 

114.68 

1625.9 

82.91 

1628.7 

117.45 

1626.0 

84.41 

1628.8 

118.86 

1626.1 

84.41 

1628.9 

120.22 

1626.2 

85.90 

1629.0 

124.40 

1626.3 

85.92 

1629.1 

124.42 

1626.4 

85.90 

1629.2 

127.16 

1626.5 

87.40 

1629.3 

129.92 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1629.4 

134.02 

1632.2 

468.71 

1629.5 

143.72 

1632.3 

483.02 

1629.6 

149.31 

1632.4 

497.25 

1629.7 

156.13 

1632.5 

517.02 

1629.8 

172.69 

1632.6 

535.63 

1629.9 

189.37 

1632.7 

555.39 

1630.0 

204.39 

1632.8 

574.00 

1630.1 

216.16 

1632.9 

593.75 

1630.2 

226.59 

1633.0 

613.21 

1630.3 

236.98 

1633.1 

632.49 

1630.4 

250.00 

1633.2 

655.17 

1630.5 

260.46 

1633.3 

679.03 

1630.6 

269.56 

1633.4 

701 .76 

1630.7 

281.25 

1633.5 

724.27 

1630.8 

292.97 

1633.6 

747.90 

1630.9 

304.45 

1633.7 

771.52 

1631.0 

315.61 

1633.8 

798.50 

1631.1 

325.54 

1633.9 

826.43 

1631.2 

334.18 

1634.0 

851.00 

1631.3 

346.51 

1634.1 

877.75 

1631.4 

358.90 

1634.2 

905.60 

1631.5 

370.05 

1634.3 

935.65 

1631 .6 

381.16 

1634.4 

964.58 

1631.7 

394.73 

1634.5 

996.86 

1631 .8 

410.38 

1634.6 

1026.85 

1631.9 

424.70 

1634.7 

1061.25 

1632.0 

437.79 

1634.8 

1094.62 

1632.1 

452.04 

1634.9 

1125.80 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 148 


TALO 

TEMP 

(SEC) 

(°F) 

1635.0 

1163.69 

1635.1 

1200.73 

1635.2 

1219.79 

1635.3 

1220.00 
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Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No.. 149, X = 31.87", <j><. = 315° 


TALO TEMP TALO TEMP 


(SEC) 

(°F) 

(SEC) 

(°F) 

1608.0 

49.25 

1611.3 

51.71 

1608.6 

49.25 

1611.4 

51.71 

1608.7 

49.21 

1611.5 

51.71 

1608.8 

51.71 

1611.6 

51.71 

1608.9 

49.28 

1611.7 

51 .71 

1609.0 

49.21 

1611.8 

51.71 

1609.1 

51.71 

1611.9 

51.71 

1609.2 

49.28 

1612.0 

51.71 

1609.3 

49.21 

1612.1 

51.71 

1609.4 

51.67 

1612.2 

51.68 

1609.5 

51.71 

1612.3 

54.14 

1609.6 

51.71 

1612.4 

54.17 

1609.7 

51.71 

1612.5 

54.17 

1609.8 

51.71 

1612.6 

54.17 

1609.9 

51.71 

1612.7 

54.17 

1610.0 

51.71 

1612.8 

54.17 

1610.1 

51.71 

1612.9 

54.17 

1610.2 

51.71 

1613.0 

54.17 

1610.3 

51.71 

1613.1 

54.17 

1610.4 

51.71 

1613.2 

54.17 

1610.5 

51.71 

1613.3 

54.17 

1610.6 

51.71 

1613.4 

54.17 

1610.7 

51.71 

1613.5 

54.17 

1610.8 

51.71 

1613.6 

54.17 

1610.9 

51.71 

1613.7 

54.17 

1611.0 

51.71 

1613.8 

54.17 

1611 .1 

51.71 

1613.9 

54.17 

1611.2 

51.71 

1614.0 

54.14 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1614.1 

56.60 

1616.9 

64.03 

1614.2 

56.64 

1617.0 

66.46 

1614.3 

56.64 

1617.1 

66.49 

1614.4 

56.64 

1617.2 

66.49 

1614.5 

56.64 

1617.3 

66.49 

1614.6 

56.08 

1617.4 

66.46 

1614.7 

96.02 

1617.5 

68.92 

1614.8 

57.23 

1617.6 

68.96 

1614.9 

56.64 

1617.7 

68.92 

1615.0 

56.60 

1617.8 

71 .38 

1615.1 

59.06 

1617.9 

71.42 

1615.2 

59.10 

1618.0 

71.42 

1615.3. 

59.10 

1618.1 

71 .39 

1615.4 

59.10 

1618.2 

73.85 

1615.5 

59.10 

1618.3 

73.88 

1615.6 

59.07 

1618.4 

73.88 

1615.7 

61.53 

1618.5 

73.88 

1615.8 

61.57 

1618.6 

73.88 

1615.9 

61.57 

1618.7 

73.88 

1616.0 

61.53 

1618.8 

73.85 

1616.1 

63.99 

1618.9 

76.31 

1616.2 

64.03 

1619.0 

76.35 

1616.3 

64.03 

1619.1 

76.31 

1616.4 

64.03 

1619.2 

78.74 

1616.5 

63.99 

1619.3 

81.24 

1616.6 

66.46 

1619.4 

81.28 

1616.7 

66.49 

1619.5 

81 .28 

1616.8 

66.53 

1619.6 

81.28 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 149 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1619.7 

81.28 

1622.5 

108.11 

1619.8 

81.28 

1622.6 

110.55 

1619.9 

81.24 

1622.7 

110.59 

1620.0 

83.70 

1622.8 

110.59 

1620.1 

83.70 

1622.9 

110.59 

1620.2 

86.17 

1623.0 

110.55 

1620.3 

86.20 

1623.1 

112.96 

1620.4 

86.17 

1623.2 

113.00 

1620.5 

88.63 

1623.3 

112.96 

1620.6 

88.67 

1623.4 

115.30 

1620.7 

88.63 

1623.5 

120.14 

1620.8 

91.09 

1623.6 

120.18 

1620.9 

91.13 

1623.7 

122.59 

1621.0 

91.13 

1623.8 

122.59 

1621.1 

91.10 

1623.9 

124.99 

1621.2 

93.52 

1624.0 

125.03 

1621 .3 

96.02 

1624.1 

124.96 

1621.4 

96.02 

1624.2 

129.74 

1621.5 

98.48 

1624.3 

132.18 

1621.6 

98.52 

1624.4 

134.62 

1621.7 

98.49 

1624.5 

134.62 

1621 .8 

100.93 

1624.6 

137.03 

1621.9 

100.93 

1624.7 

137.03 

1622.0 

103.30 

1624.8 

139.40 

1622.1 

105.77 

1624.9 

141.81 

1622.2 

103.41 

1625.0 

144.21 

1622.3 

103.33 

1625.1 

146.62 

1622.4 

105.71 

1625.2 

149.03 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1625.3 

151.43 

1628.1 

209.16 

1625.4 

153.88 

1628.2 

214.01 

16.25.5 

153.91 

1628.3 

214.05 

1625.6 

153.91 

1628.4 

216.35 

1625.7 

153.88 

1628.5 

223.60 

1625.8 

156.21 

1628.6 

223.67 

1625.9 

161 .02 

1628.7 

225.97 

1626.0 

163.50 

1628.8 

233.22 

1626.1 

163.50 

1628.9 

233.27 

1626.2 

165.87 

1629.0 

238.01 

1626.3 

168.28 

1629.1 

242.89 

1626.4 

170.72 

1629.2 

242.89 

1626.5 

170.72 

1629.3 

247.60 

1626.6 

173.09 

1629.4 

254.85 

1626.7 

175.50 

1629.5 

257.36 

1626.8 

177.91 

1629.6 

257.33 

1626.9 

180.35 

1629.7 

262.11 

1627.0 

180.35 

1629.8 

264.52 

1627.1 

182.72 

1629.9 

269.29 

1627.2 

185.13 

1630.0 

274.14 

1627.3 

187.50 

1630.1 

276.58 

1627.4 

192.35 

1630.2 

278.96 

1627.5 

192.39 

1630.3 

283.73 

1627.6 

194.72 

1630.4 

288.55 

1627.7 

199.57 

1630.5 

293.36 

1627.8 

199.61 

1630.6 

298.17 

1627.9 

201 .94 

1630.7 

303.05 

1628.0 

206.75 

1630.8 

307.95 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 149 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1630.9 

312.86 

1633.7 

544.48 

1631.0 

317.77 

1633.8 

556.42 

1631.1 

322.71 

1633.9 

570.74 

1631.2 

325.17 

1634.0 

582.60 

1631.3 

330.01 

1634.1 

601.66 

1631.4 

337.40 

1634.2 

616.12 

1631.5 

339.93 

1634.3 

625.60 

1631.6 

342.28 

1634.4 

644.58 

1631.7 

352.05 

1634.5 

661.39 

1631.8 

357.03 

1634.6 

673.19 

1631.9 

361 .91 

1634.7 

699.44 

1632.0 

369.23 

1634.8 

711.14 

1632.1 

376.63 

1634.9 

736.73 

1632.2 

381 .57 

1635.0 

755.69 

1632.3 

386.45 

1635.1 

762.75 

1632.4 

393.77 

1635.2 

778.99 

1632.5 

401 .10 

1635.3 

793.01 

1632.6 

410.84 



1632.7 

423.15 



1632.8 

430.51 



1632.9 

442.74 



1633.0 

452.60 



i 633.1 

462.38 



1633.2 

474.61 



1 633 . 3 

486.88 



1633.4 

499.12 



1633.5 

513,39 



1633.6 

530.09 
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Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 150, X = 77.45", 4> s = 315° 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1608.0 

68.96 

1611.6 

71.42 

1608.9 

68.96 

1611.7 

71.42 

1609.0 

68.91 

1611.8 

71.42 

1609.1 

71.37 

1611.9 

71.42 

1609.2 

71.42 

1612.0 

71.42 

1609.3 

71.42 

1612.1 

71.42 

1609.4 

71.42 

1612.2 

71.42 

1609.5 

71.42 

1612.3 

71 .42 

1609.6 

71.42 

1612.4 

73.84 

1609.7 

71.42 

1612.5 

73.88 

1609.8 

71.42 

1612.6 

73.88 

1609.9 

71 .42 

1612.7 

73.88 

1610.0 

71.42 

1612.8 

73.88 

1610.1 

71 .42 

1612.9 

73.88 

1610.2 

71.42 

1613.0 

73.88 

1610.3 

71 .42 

1613.1 

73.88 

1610.4 

71.42 

1613.2 

73.88 

1610.5 

71 .42 

1613.3 

73.88 

1610.6 

71 .42 

1613.4 

73.88 

1610.7 

71 .42 

1613.5 

73.88 

1610.8 

71.42 

1613.6 

73.88 

1610.9 

71.42 

1613.7 

73.88 

1611.0 

71.42 

1613.8 

73.88 

1611.1 

71.42 

1613.9 

73.88 

1611.2 

71.42 

1614.0 

73.84 

1611.3 

71.42 

1614.1 

76.30 

1611.4 

71.42 

1614.2 

76.35 

1611.5 

71.42 

1614.3 

76.35 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1614.4 

76.35 

1617.2 

83.74 

1614.5 

76.35 

1617.3 

81.28 

1614.6 

76.35 

1617.4 

83.69 

1614.7 

76.35 

1617.5 

83.74 

1614.8 

76.35 

1617.6 

83.74 

1614.9 

76.35 

1617.7 

83.74 

1615.0 

76.35 

1617.8 

83.70 

1615.1 

76.35 

1617.9 

86.16 

1615.2 

76.30 

1618.0 

86.20 

1615.3 

78.76 

1618.1 

86.16 

1615.4 

78.81 

1618.2 

88.66 

1615.5 

78.81 

1618.3 

86.21 

1615.6 

78.81 

1618.4 

88.58 

1615.7 

78.81 

1618.5 

91.13 

1615.8 

78.81 

1618.6 

88.67 

1615.9 

78.81 

1618.7 

91.13 

1616.0 

78.81 

1618.8 

88.71 

1616.1 

78.81 

1618.9 

88.62 

1616.2 

78.81 

1619.0 

91 .08 

1616.3 

78.81 

1619.1 

91.13 

1616.4 

81 .23 

1619.2 

91 .13 

1616.5 

81.23 

1619.3 

91.09 

1616.6 

81.23 

1619.4 

93.55 

1616.7 

81.23 

1619.5 

93.59 

1616.8 

81.23 

1619.6 

93.55 

1616.9 

81.23 

1619.7 

96.01 

1617.0 

81.23 

1619.8 

96.06 

1617.1 

81.23 

1619.9 

96.01 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 150 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1620.0 

98.47 

1622.8 

122.62 

1625.6 

156.27 

1628.4 

213.99 

1620.1 

98.52 

1622.9 

122.58 

1625.7 

156.28 

1628.5 

213.99 

1620.2 

98.52 

1623.0 

124.98 

1625.8 

158.64 

1628.6 

218.76 

1620.3 

98.52 

1623.1 

125.03 

1625.9 

161.04 

1628.7 

221.25 

1620.4 

98.48 

1623.2 

125.03 

1626.0 

163.49 

1628.8 

221.22 

1620.5 

100.92 

1623.3 

124.99 

1626.1 

163.54 

1628.9 

226.02 

1620.6 

100.96 

1623.4 

127.39 

1626.2 

163.50 

1629.0 

226.07 

1620.7 

100.92 

1623.5 

127.39 

1626.3 

165.86 

1629.1 

228.39 

1620.8 

103.32 

1623.6 

129.80 

1626.4 

168.26 

1629.2 

233.24 

1620.9 

103.37 

1623.7 

129.80 

1626.5 

170.67 

1629.3 

233.29 

1621.0 

103.37 

1623.8 

132.21 

1626.6 

173.08 

1629.4 

235.65 

1621.1 

103.37 

1623.9 

132.25 

1626.7 

175.48 

1629.5 

238.02 

1621.2 

103.33 

1624.0 

132.21 

1626.8 

177.85 

1629.6 

242.87 

1621.3 

105.73 

1624.1 

134.61 

1626.9 

182.70 

1629.7 

242.88 

1621.4 

105.78 

1624.2 

134.66 

1627.0 

182.79 

1629.8 

247.64 

1621.5 

105.73 

1624.3 

134.66 

1627.1 

182.75 

1629.9 

250.05 

1621.6 

108.14 

1624.4 

134.62 

1627.2 

185.11 

1630.0 

254.86 

1621.7 

108.14 

1624.5 

136.98 

'1627.3 

187.56 

1630.1 

257.31 

1621.8 

110.54 

1624.6 

139.38 

1627.4 

187.52 

1630.2 

259.63 

1621.9 

110.55 

1624.7 

141.79 

1627.5 

192.33 

1630.3 

266.89 

1622.0 

112.91 

1624.8 

144.28 

1627.6 

192.38 

1630.4 

266.94 

1622.1 

115.36 

1624.9 

141.84 

1627.7 

194.70 

1630.5 

271.62 

1622.2 

115.36 

1625.0 

146.60 

1627.8 

199.55 

1630.6 

278.88 

1622.3 

117.76 

1625.1 

146.69 

1627.9 

199.60 

1630.7 

281.42 

1622.4 

117.77 

1625.2 

146.61 

1628.0 

201.96 

1630.8 

281.34 

1622.5 

120.17 

1625.3 

151.41 

1628.1 

204.32 

1630.9 

288.42 

1622.6 

120.17 

1625.4 

151.46 

1628.2 

209.17 

1631 .0 

295.69 

1622.7 

122.58 

1625.5 

153.82 

1628.3 

209.18 

1631.1 

300.51 


- 154 - 



TALO 

(SEC) 


1631.2 

1631.3 

1631.4 

1631.5 

1631.6 

1631.7 

1631.8 
1631.9 
1632.0 
1632.1 

1632.2 

1632.3 

1632.4 

1632.5 

1632.6 

1632.7 

1632.8 

1632.9 

1633.0 

1633.1 

1633.2 

1633.3 

1633.4 

1633.5 

1633.6 

1633.7 

1633.8 

1633.9 


Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 150 


TALO TEMP 

(SEC) (°F) 


TEMP 

(°F) 


307.66 
324.47 

351.19 
382.53 

441.30 

478.66 

508.05 
534.44 

556.06 

575.20 
594.12 
622.62 
648.92 
675.17 
701.43 
724.84 
748.25 
769.16 

799.31 
832.10 
857.90 
885.81 
918.34 
948.55 
978.59 

1015.66 

1048.15 

1085.18 


1634.0 

1634.1 

1634.2 

1634.3 

1634.4 

1634.5 

1634.6 

1634.7 

1634.8 

1634.9 

1635.0 

1635.1 

1635.2 


1122.57 
1160.04 
1202.29 
1239.90 

1279.58 
1329.20 
1376.87 
1426.80 
1481.61 
1532.51 
1588.56 
1649.45 
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TALO 

(SEC) 


1608.0 

1608.9 

1609.0 

1609.1 

1609.2 

1609.3 

1609.4 

1609.5 

1609.6 

1609.7 

1609.8 

1609.9 

1610.0 

1610.1 

1610.2 

1610.3 

1610.4 

1610.5 

1610.6 

1610.7 

1610.8 

1610.9 

1611.0 

1611.1 

1611.2 

1611.3 

1611.4 

1611.5 


Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 151, X = 123.53", = 315° 


TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

61.57 

1611.6 

64.03 

1614.4 

66.44 

1617.2 

71.37 

61.51 

1611.7 

64.03 

1614.5 

68.90 

1617.3 

73.83 

63.97 

1611.8 

64.03 

1614.6 

68.96 

1617.4 

73.88 

64.08 

1611.9 

64.03 

1614.7 

68.96 

1617.5 

73.88 

61.57 

1612.0 

64.03 

1614.8 

68.96 

1617.6 

73.88 

63.97 

1612.1 

64.03 

1614.9 

68.96 

1617.7 

73.88 

64.03 

1612.2 

64.03 

1615.0 

68.96 

1617.8 

73.83 

64.03 

1612.3 

64.03 

1615.1 

68.96 

1617.9 

76.29 

64.03 

1612.4 

64.03 

1615.2 

68.96 

1618.0 

76.35 

64.03 

1612.5 

64.03 

1615.3 

68.96 

1618.1 

76.35 

64.03 

1612.6 

64.03 

1615.4 

68.96 

1618.2 

76.35 

64.03 

1612.7 

64.03 

1615.5 

68.96 

1618.3 

76.35 

64.03 

1612.8 

64.03 

1615.6 

68.96 

1618.4 

76.35 

64.03 

1612.9 

63.98 

1615.7 

68.96 

1618.5 

76.30 

64.03 

1613.0 

66.44 

1615.8 

68.96 

1618.6 

78.76 

64.03 

1613.1 

66.49 

1615.9 

68.96 

1618.7 

78.81 

64.03 

1613.2 

66.49 

1616.0 

68.96 

1618.8 

78.81 

64.03 

1613.3 

66.49 

1616.1 

68.90 

1618.9 

78.81 

64.03 

1613.4 

66.49 

1616.2 

71.36 

1619.0 

78.81 

64.03 

1613.5 

66.49 

1616.3 

71.42 

1619.1 

78.81 

64.03 

1613.6 

66.49 

1616.4 

71.42 

1619.2 

78.81 

64.03 

1613.7 

66.49 

1616.5 

71.42 

1619.3 

78.76 

64.03 

1613.8 

66.49 

1616.6 

71.42 

1619.4 

81.22 

64.03 

1613.9 

66.49 

1616.7 

71.42 

1619.5 

81.28 

64.03 

1614.0 

66.49 

1616.8 

71.42 

1619.6 

81.22 

64.03 

1614.1 

66.49 

1616.9 

71.42 

1619.7 

83.68 

64.03 

1614.2 

66.49 

1617.0 

71.42 

1619.8 

83.74 

64.03 

1614.3 

66.49 

1617.1 

71.42 

1619.9 

83.74 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 151 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1620.0 

83.74 

1622.8 

100.91 

1620.1 

83.69 

1622.9 

103.31 

1620.2 

86.15 

1623.0 

103.37 

1620.3 

86.20 

1623.1 

103.37 

1620.4 

86.20 

1623.2 

103.32 

1620.5 

86.20 

1623.3 

105.72 

1620.6 

86.15 

1623.4 

105.78 

1620.7 

88.61 

1623.5 

105.73 

1620.8 

88.67 

1623.6 

108.13 

1620.9 

88.67 

1623.7 

108.18 

1621.0 

88.67 

1623.8 

108.13 

1621.1 

88.67 

1623.9 

110.53 

1621.2 

88.67 

1624.0 

110.59 

1621.3 

88.61 

1624.1 

110.59 

1621.4 

91 .07 

1624.2 

110.54 

1621.5 

91.13 

1624.3 

112.94 

1621.6 

91 .08 

1624.4 

112.95 

1621.7 

93.54 

1624.5 

115.35 

1621.8 

93.54 

1624.6 

115.35 

1621.9 

96.00 

1624.7 

117.76 

1622.0 

96.06 

1624.8 

117.76 

1622.1 

96.06 

1624.9 

120.16 

1622.2 

96.01 

1625.0 

120.22 

1622.3 

98.47 

1625.1 

120.17 

1622.4 

98.52 

1625.2 

122.52 

1622.5 

98.47 

1625.3 

124.98 

1622.6 

100.91 

1625.4 

124.98 

1622.7 

100.96 

1625.5 

127.38 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 
(°F) . 

1625.6 

127.39 

1628.4 

187.50 

1625.7 

129.74 

1628.5 

189.96 

1625.8 

132.09 

1628.6 

189.96 

1625.9 

137.05 

1628.7 

192.31 

1626.0 

132.31 

1628.8 

194.72 

1626.1 

134.55 

1628.9 

197.13 

1626.2 

136.86 

1629.0 

199.58 

1626.3 

144.02 

1629.1 

199.59 

1626.4 

148.89 

1629.2 

201.94 

1626.5 

153.70 

1629.3 

204.40 

1626.6 

158.51 

1629.4 

204.35 

1626.7 

163.33 

1629.5 

209.10 

1626.8 

168.14 

1629.6 

211.62 

1626.9 

173.00 

1629.7 

211.62 

1627.0 

175.57 

1629.8 

213.97 

1627.1 

173.22 

1629.9 

216.33 

1627.2 

173.17 

1630.0 

220.99 

1627.3 

173.17 

1630.1 

230.50 

1627.4 

173.17 

1630.2 

240.18 

1627.5 

173.11 

1630.3 

247.20 

1627.6 

175.52 

1630.4 

266.13 

1627.7 

175.52 

1630.5 

287.78 

1627.8 

177.92 

1630.6 

307.29 

1627.9 

177.93 

1630.7 

324.57 

1628.0 

180.28 

1630.8 

339.35 

1628.1 

182.69 

1630.9 

354.08 

1628.2 

185.14 

1631 .0 

368.85 

1628.3 

185.15 

1631.1 

381.18 
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Table AI (Continued) 
Flight 2 Thermocouple Data 
Thermocouple No. 151 


TALO TEMP 

(SEC) ( °F) 


1631.2 

393.29 

1631.3 

412.86 

1631.4 

427.70 

1631.5 

442.42 

1631.6 

457.14 

1631.7 

471.82 

1631.8 

488.99 

1631.9 

503.61 

1632.0 

519.92 

1632.1 

553.25 

1632.2 

572.62 

1632.3 

594.04 

1632.4 

615.57 

1632.5 

634.62 

1632.6 

658.48 

1632.7 

677.73 

1632.8 

694.40 

1632.9 

715.28 

1633.0 

743.21 

1633.1 

768.96 

1633.2 

794.61 

1633.3 

822.65 

1633.4 

848.35 

1633.5 

876.24 

1633.6 

908.78 

1633.7 

941.26 

1633.8 

973.74 

1633.9 

1006.13 


TALO TEMP 

(SEC) (°F) 


1634.0 1043.15 

1634.1 1080.26 

1634.2 1117.55 

1634.3 1157.40 

1634.4 1197.21 

1634.5 1241.65 

1634.6 1288.48 

1634.7 1338.32 

1634.8 1388.28 

1634.9 1442.90 

1635.0 1502.53 

1635.1 1561.13 
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Table AI (Continued) 

Flight 2 Thermocouple Data 
Thermocouple No. 152, X = 169.62", = 315° 


TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°E) 

TALO 

(SEC) 

TEMP 

(°F) 

TALO 

(SEC) 

TEMP 

(°F) 

1608.0 

32.00 

1618.0 

36.93 

1620.8 

49.18 

1623.6 

63.97 

1609.0 

32.00 

1618.1 

36.87 

1620.9 

49.25 

1623.7 

66.43 

1610.0 

32.00 

1618.2 

39.32 

1621.0 

49.25 

1623.8 

66.49 

1611.0 

32.00 

1618.3 

39.39 

1621.1 

49.25 

1623.9 

66.49 

1612.0 

32.00 

1618.4 

39.39 

1621 .2 

49.25 

1624.0 

66.43 

1613.0 

32.00 

1618.5 

39.39 

1621.3 

49.25 

1624.1 

68.89 

1614.0 

32.00 

1618.6 

39.39 

1621.4 

49.19 

1624.2 

68.96 

1615.0 

32.00 

1618.7 

39.39 

1621 .5 

51 .64 

1624.3 

68.96 

1616.0 

32.00 

1618.8 

39.39 

1621 .6 

51.71 

1624.4 

68.90 

1616.1 

31.94 

1618.9 

39.39 

1621 .7 

51.65 

1624.5 

71 .41 

1616.2 

34.40 

1619.0 

39.39 

1621.8 

54.11 

1624.6 

68.96 

1616.3 

34.46 

1619.1 

39.33 

1621.9 

54.11 

1624.7 

71.35 

1616.4 

34.46 

1619.2 

41.79 

1622.0 

56.57 

1624.8 

71 .42 

1616.5 

34.46 

1619.3 

41 .86 

1622.1 

56.64 

1624.9 

71 .36 

1616.6 

34.46 

1619.4 

41 .86 

1622.2 

56.64 

1625.0 

73.82 

1616.7 

34.46 

1619.5 

41 .86 

1622.3 

56.58 

1625.1 

73.76 

1616.8 

34.46 

1619.6 

41.80 

1622.4 

59.03 

1625.2 

78.68 

1616.9 

34.46 

1619.7 

44.25 

1622.5 

59.10 

1625.3 

78.75 

1617.0 

34.46 

1619.8 

44.32 

1622.6 

59.10 

1625.4 

81.27 

1617.1 

34.46 

1619.9 

44.32 

1622.7 

59.04 

1625.5 

78.82 

1617.2 

34.46 

1620.0 

44.32 

1622.8 

61.50 

1625.6 

81.21 

1617.3 

34.46 

1620.1 

44.32 

1622.9 

61.57 

1625.7 

81 .22 

1617.4 

34.40 

1620.2 

44.26 

1623.0 

61.57 

1625.8 

83.67 

1617.5 

36.86 

1620.3 

46.72 

1623.1 

61.57 

1625.9 

83.68 

1617.6 

36.93 

1620.4 

46.78 

1623.2 

61.57 

1626.0 

86.08 

1617.7 

36.93 

1620.5 

46.78 

1623.3 

61 .51 

1626.1 

88.48 

1617.8 

36.93 

1620.6 

46.78 

1623.4 

63.96 

1626.2 

93.34 

1617.9 

36.93 

1620.7 

46.72 

1623.5 

64.03 

1626.3 

98.27 


- 159 - 



